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A BSTRACT

Research reported herein is directed toward further understanding of the fundamental
processes in supersonic combustion. Part One describes a branching chain mechaniim
constructed for oxy-diborane mixtures diluted in argon. Included in this postulated
mechanism is the production of hydroxyl as an ignition intermediate. A spectrograph was
used to view the oxy diborane system thiough the end plate of a single pulse shock tube.
Hydroxyl and several boron intermediates were identified, qualitatively verifying both
mechanism and equilibrium calculations. Ignition induction measurements were perfortmed up
to 950 0 K behind the reflected shock wave. These measurements extend previously l,.nown
data by two orders of' magnitude in the induction time. Part Two of this report describes the
CAL Noncquilibrium Normal Shock Wave Program which was extended for use with highly
exothermic branching chain reactions, checked out with known hydrogen oxyger kinetics,
and reformulated to include transport and radiative energy transfer mechanisms.
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INTROZI)UC'I'ION AND SUMMARY

Combustion studies reported herein follow the shock tube approach toward determination
of oxidation iiechanismns and reaction kinetics, applying established techniques to the study of
pyrophoric fuels. These studies are set within the framework of a long range AF()SR project
directed toward understanding and use of the iiMutual effects of chemical reactions on collisional
transport properties and radiative energy transfer in flow systems of high powe, density heat
release. Results of the Martin Marietta StudiCs include:

1 A branching chain mechanism was constructed for stoichiometric oxygen/diborane
(0 2 /B 2 H6 ) systems under high dilution in argon, consistent with thermochemical,
kinetic, and structural data. Included in fourteen (forward) steps of thc postulated
mechanism are thermal decomposition of diborane and production of hydroxyl (0)H)
as a chain carrier, followed by the plausibly observable oxides and hydrides of boron.

2 A single-pulse chemical shock tube was used to study the high temperature
homogeneous reactions of the stoichiometric 0 2 /B 2 H6 system. Ignition induction
measurements were obtained for the pyrophoric () 2 /B2 H( system in the temperature
range from 575 to 945"K and for the 0 2 /CO system at 2000'K. These measurements
extend the previously known data by two orders of magnitudes, into the microsecond
regime. A spectroscopic emission study of 0 2!B 2 H6 served to identify BO2, and BO
lines in the spectrum, taken in the detonative mode at temperatures exceeding 945cK.

3 Equilibrium normal s'hock wave calculations were performed, supplementing these
emission studies, in an effort to establish a temperature region for measurement of
intermediate species rate constants via molecular or atomic absorption
spectrophotome try.

4 An OH ultraviolet absorption experiment was designed following the techniques of
References 1 and 2.

5 Working in cooperation with Cornell University's Chemistry l)cpartment, the Aero
Combustion Laboratory at the Martin Marietta Orlando Division has extended and
verified the use of Cornell Aeronautical Laboratory's Nonequilibrium Normal
Shock Wave Program (Referencc 3) in the study of exothermic systems which
include branching chain mechanisms. In particular, the previously measured

appearance and disappearance of intermediate species occurring during the
oxidation of hydrogen from about 1370 to 1540°)K. and at I Arm, (References 3
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and 4) was succcssfilllv inlndlatcd, using the CAI. prograii coded for the Martin i

Marietta COI )( 6400 eCLectr,,iC computer. Martin Marietta calculated ignitim.

induction tiiiies arec ClIparcdl to the niaslltreileints of Reference 3.

6 The (:A[. prograii' is being use(d optionally and as subroutine to a Martin Marietta

developed reaction profile model which incorporates mutual effects of chemical

reactions on collisional transport properties and radiative eaergy transfer. The

transport properties subroutine portion of the Martin Marietta program was

satisfactorily checked out for various multicomnponent mixtures. A fully developed

chemical sourcc matrix is required as input to the CAL subruutine, for each

reaction mechanism to be studied. A partially known or postulated mechanism may

be described parametrically with the input source deck.

Such computer methods are USeful to the chemical kineticist in performing diagnostics on

a system for which some of the pr--exponential factors, activation energies, and temperature

exponents, associated with unknown speci:fic reaction rates, are currently being determined by

measurement. The computer program and various sets of spectrometric measurements are used

in an iterative determination of mechanism and reaction kinetics consistent with minimum

energy and detailed balancing principles. This technique of complementary measurement and

numerical experinieitstion may prove superior t,, earlier methods used in attempts to elucidate

mechanism which, although yielding results consistent with measured data. did not serve to

guarantee uniquevess.

The work reported herein shows how steps may be taken to isolate a physically meaningful

region for the investigation of exothermic reactions using a shock tube. Brieuy), this is

accomplished by establishing the onset of detonations for the pressures and compositions,

initially set, that determine shotk strengths and intcrmcdiatc compositions to be monitored

spectroscopically. Though the present work did not proceed to the next step, viz., measurement

of the production rates and concentrations of intermediates, it is noted that techniques in

ablsorption spectrophotometry arc established and under continuous development. It is

suggested that one such technique, outlined in Appendix A, may be appropriate in extending

the present work to the proper field of chemical kinetics,

in the mathematical portion of this inivestigation it is shown that the choice of

molecular model is important to higl temperature flow field appl;cations. Inasmuch as the

molecular dynamicist, whether he be engineer or kinctiiist, now requires extensive use of

computer programs to follow reaction paths, it is suggested -hat continued effort in the

develupnieit and use of programs, such as the one herein outlined, will yield meaningful

resti its.

Part One of this report presents a thisLussiOn of shock tube design considerations and

preparation of experimcntal facilitics directcd to the task of performing shock tube kinetics.

*Herein referred to as the CAl. subroutine,
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Although 11 rite HiCeIstircIIiCfits h.IC b-LCtI inh'd, the following preliminary tasks were
accomplished

I Ignition induction tinies were iteasured. extending previously known data by two
orders of magnitude.

2 IDetonation hinits were determined cxperinientallly.

3 An oxidation mechanism was postulated for the considered pyrophoric system.

4 Equilibrium compositions were calculated.

5 Emission spectra were photographed.

6 Intermediate chemical species, were identified fromn the spectra.

7 An OH ultraviolet absorption cxperiment was designed to measure specific reaction
rates.

Part Two treats the general inatheniatical reaction profile model under development, giving
results of calculations obtained with the Martin Marietta modified CAL normal shock wave and

transport properties subtjutines.
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PART ONE

Shock Tube Investigations

of the Diborane/Oxygen System



I. THE SHOCK TUBE CONSIDERED

A. DESIGN

The shock tube was designed based on ideal flow conditions using equations from
Reference 5. The shock tube is divided into two sections, a driver section filled with gas of low
molecular weight, M4 , at high pressure, P4, and a driven section filled with an inern diluent at
low pressure, pl. The division takes place at a diaphragm burst station where a solenoid
actuated pin ruptures a cellophane diaphragm. The high pressure driver gas interface on low
pressure driven gas then acts as a piston creating a shock wave which moves uniformly down the
low pressure section to a reflection plane. The interface (contact surface) between the driver
and driven gases follows the shock wave and is intercepted by the reflected wave. Chemical
reactions among the reagents in the inert gas take place during the time between reflection of
the wave and its interception by the contact surface, the observation time. Thus, during the
observation time, spectroscopic study of the test sample is carried out in the region behind the
reflected shock wave at the far end of the tube. Analysis of the shock system is given in
Appcndix B.

For purposes of illustration a general shock tube design based on ideal incident shock wave
Mach number, obtaived at infinite diaphragm burst pressure ratio P41 from Equation (32) of
Appendix B, is presented in Figure 1. The solid curves represent selected cases of the quadratic
expression for the incident shock Mach number variation with the diaphr:,gm burst sound speed
ratio for parametric combinations of 74 and "1'1, the ratios of specific heats for the driving and
driven gases respectively. The circled point marked He/Ar represents the asymptotic shock Mach
number attainable when helium gas at very high pressure is used to drive argon at very low
pressure, the gases being initially at room temperature. By heating the driver gas, that is, by
raising temperature T 4 , one may expect to increase the shock Mach number along the same
curve. The locus of points represented by the dashed line shows that a decrease in the molecular
weight of driver gas or an increase in molecular weight of driven gas increases the shock Mach
number. The latter technique is used in tailoring the gases- when changes in molecular weight are
introduced by mixing test reaction samples with the inert diluent (driven) gas.

The choice of reaction environment for present experiments was obtained from the helium

and argon combination, a finite pressure ratio P4/Pl, and the temperature range shown in Table
1; the shock Mach number does not exceed a nominal value of 3.6, which is less than one third
of the asymptotic value shown on Figure 1. A graphic representation of most of the tabulated
data is shown on Figure 2. Note that the total shock tube length xl+ x2 •21 feet is nominally
the maximum length of the Orlando Division's chemical shock tube.
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TABLE I

Shock Tube" Parameters at T 298 15*K for, lelitein/Ai-gi

w u~ 2 P5  175 2 c - r-"r5('K) Ml (ft/msec) (ft/msvcl (ft/rmsef) - P (/W nw

S596.3 1.4679 1.5490 13924 0.6227 2.4434 5.1801 ): 369f
894.4 1V8522 1.9545 1.4285 1.0384 4.0381 10 9659 5 26:0

1192 6 2.1765 2.2967 1.5191 1.3590 5.6712 19 4511 7.()08
1490.8 2.4607 2 5986 I.b198 1.6261 7.3189 27 7481 B.6 H 454 8.917 31 13 4 0 0 16
1788.9 2.7163 2.8663 1 72 06 1.85P.4 36 5470 III 7f,8
2087 1 2.9504 3.1133 1.8213 2.0670 10.5415 456222 II 56)91
2385.2 3 1675 3.3427 1.9145 2,2570 12.2915 54.8872 12 H415
26834 3.3708 3.5573 2.0057 2.4332 13.9534 64.2902 14 04154
2981.5 3.5627 3.7597 2.0939 2.5976 15.6161 73 7946 15 1757

4 200K T. = 298 15,K 401}°K
a 4 = 2,73111 rtins.] a 4 -. 3333 ft/rnsec 3.8609 ft/ms,,

A ~P4 P P4 1 1 _

"T('K) -T P1 r I r _ "
5 r (f'/mI) I (ft/msec) P (ft II.F-

596.3 1.9330 3.6277 3.7012 3.3685 4.6540 3 2233 5 4887
h834.4 1.7816 7.9542 3.8,440 6,9883 4.9437 6.4610 , ýýIf ', -1

1192.6 1.7197 14.0464 3.8644 11.7717 5.0640 105824 6 1211
14904.8 1.6864 22.9404 3.3096 17.7732 5.0770 15.5944 196118

1788.9 1.8656 32.4907 3.7129 25.0933 5.0280 2 1.5067 6 1925
2087.1 1.6523 45.4920 3.5980 33.8359 4.9467 2 8.3970 6 1446
2385.2 1.6414 61.3185 3.468P 44.1609 4.8380 36 3374 6.0593
2683.4 1.6335 81.J,.04 3.3378 56 2406 4.7230 45.3751 5 9605
2881.5 1.6275. 105.1432 3.2054 170.2771 4.5997 55.5668 a 85308

B. EXPERIMENTAL PROCEDURE

Gas dynamical and chemical calibration of shock wave strengths in argon and with argon
diluted oxidation of carbon imonoxide was colAucted. using hlelium as the driver gas.

Approximately ideal shock tube r)cfornlance was obtained experimentally by causing
cellophane and alun inuln diaphragms, inserted between the high and low pressure sections of
the shock tube, to burst at pressure c..(tcrences approalhing, the mlaterial yield point. The effect
(if small differences in laboratory environmental conditions on ideal perforinan, c was found
Ingligiblc from both experimlental and theoretical considcrations. The experimental ignittion

induction period WalS identified for the oxidation of carbon mlonoxide usinb, Kistler 003 quartz

crystal transducers to IlIc aSUIrC the pressure , ise due to combustionl. All optical system using an.
RCA 931A photoniltiplier tube was designed aind incorporat d into the shock tube viewing
p)rts to niesure emission outputs during the ignition induction period. Calculations were

pcrform•d for mixing and handling the oxv-diborane system in thie Cxpriments.

1. Inistrunlentation

The one-inch inside diamneter, single puls chemical shock tube reactor, its associated
vacuum equipment, electronics, optical, '.is handling and chromatographic systems which have
been developed and used during the contract are sLown in Figure 3.

S... . .. ... .. .... ... . ... - -" " " i - i I



Figure 3. Martin Marietta
Aero-Combustion Laboratory

Equipment used in this laboratory include the following:

1 P. E. 154D Vapor Phase Chromatograph,

2 Gas mixing and vacuum equipment,

3 Shock tuLe. and 36 liter dump tank, with,

a Photomultiplier mounted on the reaction head,

b Control panel and recording equipment,

4 Gertner monochromator,

5 Optical and mass spectromeiters.

2. Laboratory Techniques

The gas handling system is used to mix diborane or carbon monoxide and oxygen in
stoichiometric prop3rtions, using argon as the diluent. When mixing ?yrophoric fuels with
oxygen, the reactants are mixed separately with the diluent to keep the reactants below their
ec,.piosion limits at room temperature, Reference 6.

a. Events In The Shock Tube

The freshly mi: •d gases are allowed to stand from one to twelve hours bMfore
using, one hour bein, the minimum time for dilute species to diffuse a distance of 50 cm
assuming a diffusion coefficient of 0.3 cm 2 sec-1"

After allowing the mixture to diffuse, the low p' .e section of the tube is chai ged
with a mixture sample at initial pressure pl. Since Pl may vary from 5 torr to 5 psia depending
on the diaphragm rupture ,aid incident shock Mach number requirements, the driven section is
evacuated to about I micron, using a rough pump when these conditions require that pI : S
psia. At the high Mach numbers (p, 2 5 totr), the 2 inch diffusion pump is used to ensure that

6I



residual air molecules in the driven section are less than 1 percent of the number density of

reactant species. An argon flush is used after each run. Pressures in both the high pressure (P4)
and low pressure section;, of the tube are measured with a Bourdon gauge cal:',rated against a
standard to wi,hin 1 percent. Figure 4 shows an assembly drawing of the shock tube including:

I Dump tank,

2 Continuously variable high pressure P4 driver section,

3 Low pressure P, driven section (the reactor),

4 Hi vac inlet and bypass valves,

5 Diaphragm station :ad rupture pin,

6 Reactor head with ball valve shutoff,

7 Pressure transducer, product sampling and optical view ports,

8 Alternate multiple diaphragm assembly.

Wrv Tube f n--

Dumnp
Tank

Figure 4. One Inch Chemical Shock Tube
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In a typical run sequence, the tube is evacuated to about I micron, then helium is

charged into the high pressure section to about 1 kilotorr. Samples of the fuel and oxidizer

selected for study are separately premixecd with an inert diluent, argon. In the non-pyrophoric

experiments with CO, the reactants are introduced into the same mixing flask with the diluent.

The mixtures are then charged into the tube's reaction section at low values of the total

pressure, the reactant's partial pressures being such as to minimize their collision frequency. The

reaction section is separated from the high pressure driver by cellophane or aluminum

diaphragms. A pin is caused to rupture the diaphragm allowing helium at high pressure to enter

the reaction section creating a shock wave ahead of the gas interface. The shock wave excites
the gas mixture, elevating its temperature, increasing the reactants' collision probability. The
shock wave then reflects from the end plate and proceeds into the excited region, elevating the
gas temperature a second time. Thus, homogeneous exothermic reactions are observed in the

region of high collision probability between the reflected shock wave and the end plate.

Figure 5 shows a wave diagram, repiesenting the sequence of events alonig the tube

following rupture of the diaphragm. Assuming ideal rupture (instantaneous relmoval), the

diaphragm is replaced by a contact surface, gas interface, which accelerates into the low pressure

section. During its short period of acceleration, small disturbances project forward from the

contact surface (at the acoustical speed in Region 1). These small disturbances coalesce into a

shock wave after which shock wave and contact surface both move forward at uniform velocit.

V A-1
t ____

Dtaphragm Ball Valve i

Kistler Transducers

-s4p
3r Lie-upTn

Pressure

Distribution - ------- P2P3
At Timesnt II

t-t, and tt2 Lt

After L
Diaphragnm

Rupture

Ps t-t 2

Figure 5. Chemical Shock Tube Wave Diagram
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Coincident with formation of the shock wave, a rarefaction (expansion) wave moves

from the decelerating contact surface toward the driver section end wall, reflects from tile end

wall, and is accelerated toward the reaction section, cooling the gas in Region 3. Provided the

Stube operating conditions arc properly selected, the head of the reflected expansion wave

terminates on the contact surface-rcflccted shock wave intersection. In this case the shock wave

is partly transmitted into the cold driver gas, Region 3, and partly reflected into Region 5 as an

expansion wave which cools the twice processed gas, effectively quenching the reaction. The

transmitted shock wave is attenuated by the open dump tank, thereby preventing further

heading of the gas sample. The reaction quency rate stated in the literature is 1060 K/sec over an

average dwell time of a few hundred microseconds. Because of this effective quench (Reference

7) the tube is called a single pulse chemical shock tube.

b. Non-ldealitics

This technique of observing exothermic reactions in the relatively quiescent region
downstream of the reflected shock wave (Region 5) is being used extensively (Reference 8
through 14). The princip-1 advantage considered is that measurements are facilitated at high
temperatures not available with thi incident shock wave technique (measurements made in
Region 2) because detonations likely incurred thereby cend to complicate the measurement.
However, caution should be exercized when making rate measurements with a single pulse tube.

This is because of certain flow non -idealities as follows (Reference 15):

1 Diaphragm rupture causes large initial flow perturbations that could be amplified
if there is large exothermicity in Region 2.

2 Boundary layer build-up at the reflection end plate tends to cool large portions
of the test samples when these are observed far from the end plate.

3 Slow cooling by means of the centered rarefaction wave may cause systematic
errors in the data because the effective reaction test time must be integrated over

the cooling time (Reference 16 .md 17).

Caution exercized in the present work circumvents many of these nonideal flow

problems. The first problem is alleviated in proportion to the amount of diluent used: 96
percent Argon for the stoichiometric oxy-diborane mixture studied. Evidence that detonations
did not occur in Region 2 while measuring ignition induction times is given below. Further,

according to the criterion given in References 15 and 18, exothermicity below that required for
detonations in Region 2, but which could otherwise cause flow perturbations sufficient to
accelerate the incident shock wave, is generally avoided by ensuring that the incident shock
wave velocity Li1 is greater than the Chapman-Jouguet (CJ) detonation velocity uCj of the test
mixture. The method outlined in Appendix B was used to compute the equilibrium
concentrations of species in Regions 2 and 5 under test conditions. The species mole fractions
other than the initial reagents and diluent were found to be negligable in Region 2 under those

conditions. The flow field is therefore frozen across the incident shock wave, with -tI = 1 .634. It

9



follows thlat 11 When the jIn( ide it shoc k Maclh inuiiih is grecater thanl tlIe sq hare root o

leto, nipera t tire ratit) acro ss liec sIi I ck , i. L'. , wle I 1 CI I F~ 1 Mh is wa i7ee teCaso

(libolraile igilitiOll inductI'tion iiieaStirciiiCiitS pre~setited bl

Tile secon~d probic in is alleviated acc~ordiilg to Mark's criterion, Reference 1 9, viz, that

the effective specific heat ratio be If 1 > 1 .5 so that theC eXtli~t (Of test Samlple CoOling Clue to

boundary Liater in teractioni with the bifurcated shock wave is diminished. This is also

accomlplished by placing thle observation port close to tile end wall of the tube. in thc tube

used, the ratio of port-to-end wall distance over tile tube diaii'cter is 0.74.

Thle third problem is alleviated by using the single pulse shock tubc modification

introduced by Klepeis. Reference 20, viz, tile use of at dump tank designed to increase the

cooling rate by factors (of from 5 to 10, Reference 1 7.

3. Performance

a. Transducers and Shock Velocity

Tile shock wave velocity has been measured variously with Martin Marietta desig ed

barium titanare and quartz piezoelectric pressuic sensors and by Kistier 701. 606L, and 603

pairs of quartz pressure transducers. The acceleration compensated Kistler 603's give the

sharpest response. largest signal-to-noise ratio and most ideal (response to at step input) damping
characteristics of all transducers tested; see the lower beam traces of Figure 6 c and d.
Transducer spacing was designed to obtain average velocities at various tube stations located

between thle reflection end plate and the diaphragm. A delay signal is triggered by a barium
titanate transducer mounted closest to the origin. This sensor was chosen for the trigger because

of its superior sensitivity. The delay signal is swept at a speed chosen so as to display a

mraxim-um amount of information onl the recording trace. Passage of the shock wave is observed

onl the traces of Figure 6. The two upper oscilloscope records (a and b) correspond to an

initially set pressure ratio P4/PI =40 (ideal incident shock Machl number, M = 3.075). Record a

is a hlicumi/argon run with Kistler 606L's sensing the shock wave betweein transducer stations

separated 10 inches. Note the short rime lapse between thle second and third pressure rise.

Approximately 1/4 of thle lapse corresponds to thle rime between arrival of thle shock wave at

the second transducer (tile second rise) and the time of reflection of tile incident shock wave

from tile end plate of the tube. Since the reflected shock wave moves at about one-half the

speed of the incident shock, the third time lapse (between thle 3rd and 4th rise) lasts about

twice as long as thle first. This is better observed onl the three lower records which correspond to

an initially set pressure ratio P4/P1 = 20 (M = 2.55).

b. Igniitioin Induction Check Runs

Notice the flat (but inoisy) structure of the third plateau onl record 6a. Record 6b
corresponds to a 30 percent stoichionletric mixture of 0-, and CO diluted in argon.

Similar tests have been reported by K.G.P. Sultzmann (Reference 2 1). Evidently, the 5 percent

10
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change in specific hcats has had very little or ln effect on the incident Jhock velocity or on the
level of tie third plateau, compared to the tare run. However, the effect of combustion is
evident on the third plateau where a superposed pressure due to the oxidation of CO call be
obServed to spall about 250 microseconds. [File ideal temperature, T5 , in the reaction zone,
behind the reflected shock wave, is 2270"K for P4/P1 =40, which e,'ceeds the auto-ignition
temperature of Co) (924 0 K) by a factor of about 2½2. The actual temperature is closer to
20000)K, determined from the Martin Marietta calibration curve (discussed below) and from the

theoretical data on Figure 2. Hence, ignition induction cominenc-s at the shock front and lags

about 250 oincroseconds piior to maximum burning. This is in agreement with the results of
Sultzmann. Note that pl = 20 torr for these runs (rather than 103.4 tort), accounting for a
reduced collision probability, hence no observable pressure rist( due to auto ignition temperature
behind the incident shock.

c. Optics

An attempt to verify the ignition induction period, by Abserving the total CO flame

emission, was iliplciiented by designing an optical system (Figure 7) with an RCA
931 A photolnultiplier tube located 90 degrees azimuthaily from the end trainducer in order to
view light emitted from the slug of gas immediately downstream of th,. ,eflected shock wave,
The sequence of oscilloscope records, (Figure 6, c, d, and e) shows a helium/argon tare run, a

hchIum/30 percent CO!O2, stoichiionetric mixture diluted in argon, both swept at 50 gsec/cln,
and a repeat of the oxidation run swept at 200 psec/cm in order to dispLy the entire history of
events, all for P4/PI = 20. As in the case of the p4 /Pl = 40 runs, burning raises the level of the
third and fourth plateaus whereas no change is observed nor predictable on the level of the first
and second plateaus, dhe temperature in this case being about 1 30 0 K less than the auto-ignition

temperature. However, in this case the initially set total charge pressure was about 5 times that
of the earlier P4/P1 = 40 runs, (Figure 6 a, b). That is P1 = 103.4 torr so that the combined

temperatuie and pressure effect can be observed in the initial photoemission rise (negati'ee
polarity, upper traces) over a period of about 10 microseconds. Evidently, the ignition
induction pcfiod is complete by the timle that the shock wave has arrived at the end transducer

aifter reflection from the end plate.

d. Shock Tube Calibration

App~oxniiately ideal air/air shock tube performance, shown in Figure 8 was
accomplished experimentally after obtaining near ideal diaphragm rupture (peta!ing) using
cellophane and scored aluminum foil diaphragms. This technique requires that P4/Pl be

;waintained at diapliragiu pressure differences approaching the inaterial yield point. Thus, the
diaphragm ruptures with a minimum of material particles being lost to thie stream and with a
corresponding ninimnu n energy transfer from the stream to the diaphragm partieles. The
transducer separatio.n for these data was 17.80 cm.
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Attempts have been made to eliminate the departure from ideal for tile He/Ar
calibration by running experiments at various transducer separations to increase the resolution
(obtain an optimum ratio of transducer sensing element diameter to transducer spacing). The
best resolution was obtained with the smallest transducer spacing tried. Consequently, the tare

runs for a transducer spacing of 6.68 cm was used to define the standard calibration curve. This
curve is shown in Figure 9 where the present experiments are compared to both theory and
results of previous investigations.

c. Sources of Error, Data Scatter, and Uncertainties

The principal sources of error contributing to the departure of experimental shock
tube performance from the ideal are:

1 Sensor resolution

2 Non-ideal diaphragm rupture

3 Boundary-layer effects

4 Laboratory environmental variations

Attempts to eliminate the first two sources of error listed have been discussed above.
A correction, in the case of non-ideal rupture, is suggested but has not been attempted at this
writing. It is suggested that the diaphragm may be weighed on an analytical balance both before

and after a run. The energy balance required to accelerate diaphragm residue down the tube
may then be used to correct for shock wave attenuation.

Shock wave attenuation due to the boundary layer is another factor which can be
accounted for in order to correct the departure.

The data shown on Figure 8 indicates good repeatability, considering that each of tie
single data points plotted at a given P4/Pl represents two indistinguishable runs.
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HI. TECHNICAL APPROACH

A, SELECTION OF FUELS

The selection of high (nergy fuels used in thc experimental studies was predicated on
existing t~lerniochenit'al and kinetics data, commercial av~ailabity, and case of synthesis.
Prior literature survey, d,:cribed in Reference 22, eliminated pentaborane and aluminum

borohydride fro~n i -imediate practical consid'-raticnl because of their high costs. A considerable
amount of research hat- been conducted on the boron hydrides, their stable adducts, and
substitution alkyl compoui. Js, (Rcfeioit e.s 23 through 27). In Reference 23, for example, the
aim of research has been to obtain a tandm.iental understanding of cn~mbustion and
extinguishment for -lic d.bor,-ne-oxygen (1321-6/0 2 ) and for the penta Ioorane-oxygen
(135 P 9/0 2 ) reactions. Ignition delay times for B2 H 6 and B5 H9 /oxygen mixtures diluted in
argon were nmeasured using a single pulse shock tube adapted to the tailored interface technique
reported in Reference 28. Shock iubc ignition of the B5 H9 /0 2 /Ar mixtures required slightly
higher temperatures than those coý tamning diborane, although static bulb experiments
IReferencc 23) indicate that pentaborane is more flamnmable than diborane.

i or both coinpoands, test results show that ignition delay times are independent of the
oxygen concentnr.'ion throughout anl equivalrnice ratic range from 0.5 to 2. This information is
based on an equiv'alence rltilo of I corresponding to a 1:6 pentaborane-oxygen ratio which
Could react completely according to

2 B5 H9 + 12 0 2 -513 2 0 3 + 9 H2 0;

and corresponding to a 1 :3 diborane ratio for the overall rcaction

B9 1-6 -3 0,- 2  (),3 + 3 H2 0

Because of the oxygen concentration independence of the ignition induction times and since the
activation energies are close to those for pyrolysis, it was concluded in Reference 23 that
pyrolysis is thle rate controlling step in ignitic-

Figure 10 presents therinoclietnical data in favor of thle selection of B2 H6 as a candidate
for oxidation kinetics studies. Figure 10 shows the hvat liberated in combustion of 1: 3 mixtures
(d B2)H 6 /() 2 over the t,,mpevature range 300-2300 0 K, compared to the heat liberated
inl combustion of a 2:1 mixture cf H-dr/( (data tak~en from the JANAF tables, Reference 29).
Thus, in applicatiu;:s where heat liberatio~i per pound of total rcactants is important, thle
reaction yielding boron oxide in the crystalline statv produces 1300 Btu per pound more than
the H2/0,) reaction at 300 0 K whereas tile excess at 22000 K drops to 570 Btu per pound for
B'-)( 3 in the liquiAI state. Applications to supersonic combustion seem desirable.
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Clearly, the best way to proceed with a diagnostic method of investigation which one

hopes to apply to the understanding of mechanisms and kinetics of a chemical system is to see

how that method has been applied to the understanding of other systems. Literature search

and problem solving began with the relatively well known hydrogen/oxygen (H2 /0 2 ) system,

including brief digressions with the better known hydrogen/halide (H 2 /X 2 ) and the nitrous

oxide/hydrogen (N20/H2) systems, all of which are branching chain mechanisms at

temperatures above 6000K. The Martin Marietta reaction profile model computer program was

used to try an H,/O., reaction test case. Reaction profile models are now part of the molecular

dynamicist's diagnostic tool kit, both in industry and at universities. The Orlando Division of

Martin Marietta worked with Cornell University during the simultaneous developncnt of very

similar reaction profile models, thereby gaining insight to the problems that will arise when the

Orlando Division proceeds to more complicated systems such as H2 /air, B2 H6 /O2 and B2 H6 /air

for computer diagnostics or engineering applications. The details of this work will he given in

Part Two of this report.

Experimentally, the B2 H6 /O 2 system is more complex than those aformentioned because

element number five, boron, has three electrons to share in combination with other

elements, in contrast to more stable elements such as its neighbor, carbon. Diborane has six

pairs of electrons to distribute among nine bond positions, that is, 2/3 of a single (pair) bond

per bond. The molecule is therefore said to be electron deficient (on the average, 1/3 electron

pair). This is the fundamental reason for the reactivity and, consequently, sometimes desirable

quality of diborane as a high energy pyrophoric fuel. Also, this system has ten individual atoms

(B2 H6 /0 2 ) to permute within the limits of certain allowed combinations. These limits may

change in a way that is yet to be discovered. In contrast, after a decade of modern techniques

including the use of shock tubes and reactor profile analysis, the H2 /0 2 system is now

essentially fixed at eleven steps in its high temperature and homogeneous branching chain

mechanism, with only four individual atoms to permnute!

B. HYPOTHESIZED B2 H6/02 MECHANISMS

It is generally conceded in the liteature that B2 H6 /0 2 will exhibit a branched chain

mechanism, but even the early hypotheses (e.g. Roth's thesis. Reference 30) have not been

clearly verified beyond the first step, viz., 1/2 B2 H 6 + ()2 1BH3 + O2--

Roth and Bauer (References 31 and 32) postulated a mechanism for the B2 H6 /O)2 reaction

(Reference 15) based on partial analogy with the H2//O2, at the second explosion limit, namely

2 H"- 2 BH3
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BH 3 + 02-,-BH2OH + 0

0 + B2 H6 -"BH2 ()H + BH 3

BH 2 OH + B2H 6 -BH 3 + B2 H5 OH

BH 3 + 02 + M--HB0 2 + H 2 + M

BH 3 + B2 H6 --*-B3 H7 + H2

B3 H7 --" polymerization

B2 H 5 OH----further oxidation

where M in the fifth reaction step is any third body. The mechanism was further modified by

Goldstein (Reference 33) and has been studied by the group at Rensselaer under Bauer and

Wiberly (Reference 34). Compared to the oxidation of hydrogen, the oxidation of diborane

requires considerable study before its mechanism is understood as fully as H2 /0 2 .

Recently, the shock tube work of Skinner et al (Reference 23) opened a new line of

research for understanding the mechanism of flame inhibition in both H2 /0 2 and B2 H6 /0 2

reactions. The investigations of Koski at Johns Hopkins and Porter at Cornell have yielded low

temperature mass spectra of BH 3 and other intermediate species in the B2 H6 /0 2 system

(References 35 and 36).

Gobbett and Linnett (Reference 37) have studied the B2 H6 /0 2 system in a conventional

reaction vessel at temperatures between 393 and 4830K, while Jolly and Schmitt (Reference 38)

have studied the reacion of diborane with hydroxide in aqueous solutions, lending credence to

the existence of BH(OH)2 as an intermediate.

Based on stoichiometric data derived in these experiments, and from the available

literature on the B2 H 6 /()2 system, the following reaction mechanism was postulated,

consistent with thermochemical data shown on Table II:
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(AH) 298 0 K, kcal/mole

B2 H6i± 2BH 3  +36.0

(2 + II3 H3 B0zO±H2BOOH k-- H 2 BO + OH

Ar + BHO k2 BO + H2 + Ar + 6.0

Ar + OH + BO k3 OBOH + Ar -154

OH + BHO2 BO 2 + H2 0 -10

OH + BH3  ks BH? + H2 0 -45

(4 Center) 02 + BH, k6 BHO + OH -38

02 + BHO _ BHO 2 + 0 -75

H2 +BO02  kL BHO + H -7

2 BHO 2  k9 B2 0 3 + H2 0 +11.0

0 + H, k1 0  OH + H + 2

Ar + 2H k-l_ H- + Ar -104

-442.0 +55.0

Net: 302, + B 2 H6 -- B,203 + 3H 2 0 (-386) -387.0

(Observables <)H: BO BO2;1 BH> I

Note: Prof. S. H. Bauer suggests that B02 + B02H is more likely for the production of

B20 3.
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"Thcr•i'r•i h tclniic Il I)ata., I'f•

Molectule 298 1000 1500

B 133 1.33 132 boron

BH 106 105 1 04 boron monohydride

BH() -20o+20 -21 -21.5 boron oxide hydride

BHo2 -134 -136 -137 metaboric acid

BH2, 48± 15 47 46 boron dihydride

SBH)()1 -114+1. . 115 -115 boron dihydroxide

1, H 10(

151-13 25.5+10 22.6 21.5 boron trihydride

BH3 () -70.0±1 (J Phys. Chem. 68, mionohydroxyborane

SBH 3 0 2  -153.8 27, 32, 64) dihydroxyborane

BH 3 , 3  -237 240 -241 boric acid

B2, 195±6 194 192 boron

B2 H2 0 3  -200.4±3.5 (J. Phys. Chern. 68, 3164, '65)

B2 H6  9.8±4 5.5 5.7 diborane

B2 H3 0

B2 0 2  -109+2 -109.5 -110.5 dinieric boron monoxide

B23 -199.141 -200 -201 boron oxide

B3 H3 (' 3  -291+10 -293.6 -293.5 boroxin

B3 H3 0 6  -543±3 -542 -540 trimeric inetaboric acid

BO 1 1±10 9.88 8.76 boron monoxide

BO,, -75.27 -75.3 -75.6 boron dioxide

BH 4 0 4  -307 -30) -308 boron dihydroxide (dimeric)

'in kcal/mole, JANAF

Reaction steps in the chain includc the thermal decomposition of B12H 6 , with dissociation
energy of 1.62 cV (Reference 39) to give two imoles of BH 3 . Oxygen combines with BH 3

producing one of several isomners, H,31X)00-ý H9,1(){H at high temnperaturcs, or HB(OH) 2 at low
temperatures. Following Berl (Reference 4o) this step may contribute to the production of
hydroxyl radical and H2)BO. Thermnochemical data for the latter molecule is not yet available. It
was, therefore, necessary to add the reaction steps leading to the production of boron
monoxide, deleting the isomerization, to obtain the heat of reaction of 6.0 kcal/mole. The total
heat liberated in the sequence of rea:ction steps summed to within 0.26 percent of the heat
liberated in the net reaction.
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III. SHOCK INDUCED IGNITION OF DIBORANE

j The shock tube used to measure ignition induction time is described in Section 1. A
schematic of the shock tube, instrumentation, and recording setup is shown on Figure 11.

Kistler
Charge Ampl

! Tektronix 555

S- Dual Beam

Te~ktro'nix Chopped
BaTiO3I 181Time Upper

"K I K Mark Generator Beam

F igr 6. 68 1i. 8 8.,i- LoSt er-i .Ft -Cr Cm Beam

50m1500V RC2A 931A

PS

110v,,•>_

Figure 11. Instrumnentation Schematic

Figure 12 illustrates the region of observation on a time-distance wave diagram,
representative of events occurring ixially in the shock tube following the time of

diaphragm burst.

Measuring station (1) is defined at 1.88 cm from the shock reflection end plate of the
driven tube. Overall length of the driven tube is 40 inches, from the diaphragm station to
the end plate, for all subsequent experimental data presented. The driver tube length is
continuously varied (Reference 7) to adjust the wave intersect position for optimum gas
dynamic quench characteristics (i.e., cooling rates of 106 0K/sec). Thus, the total shock tube
length can be varied from about 4 feet 2 inches at the high-diaphragm burst-pressure ratio, P4 1

= 100, to about 7 1/2 feet at the low P4I = 5. Helium was used as the driver gas, to produce
shock waves in argon.
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Figure 12. \Vave Diagram - Flame Schematic

An RCA 4.31A photomultipliei (PMý is mounted at an observation port centered on

measuring station (1). A Kistler 6(03 pressure transducer -is also mounted at station (1),

perpendicular to the Ast)crvation port. so that both light and pressure intensities are observed

simultaneously from the same homogenco,.s gas aiaipie bhlc:h .d the reflected shock wave.

The flame-like schematic represents spatial LXtcnt of the intensity observed as a function

of time, superimposed on the wave diagram. (Such flames have been observed it, Shock

tubes using Schlicren photography.)
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A. IGNITION IND)UCTION MEASLR EME-NTrs

Definition of ignition induction timec, ti, for the Lvrcscinr mcasurements is shown as the

incremental time from arrival of the reflected shiock wave at the measuring port to thc time of

maximum light intensity at the mecasurinig port ( Figure I 2).

Oscillogram tracces from the experiments are sbown in Figure 1.3 for thle sequence of

diaphiragm burst pressure ratios Pj 1 =* 5.55 6. 0.5, 7, 8, 8.9, and 1 1.42, representing ideal

reactor bathi temperatures in the range 750 to 1 1 7;5K beh~ind the reflected shock wave. The

actual temperature range, after bulk correction for los.,cs dlue to boundary layer and inefficient

diaphragmi burst, is believed to be 575 to 945ý K --!50' K. Thie tolerance is obtained from

literature values for te11 attenuation of shock waves in shiock tubes of L/D approximately that

used in this experiment. Data reduction for this series of runs is dlisplayed on Table III.

P 4 1 = 5 P 4 1 = 5.5

500 psec/cnl 200 psec/cm

P 41=6 P 41=6.5

100 p sec/cm 100 wsec/crn

1)41 7P41

190 p.isec/cm 100 psec/cn-

P 41=8. 9 P 4 -11.42

100 psee/crn 100 psec/cii

Figiire 1 3. ()sci11o~ri n Tr It1J!)i 11dW I i "i l east;I rcrn-ents of
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The incident shock wave velocity is measured as the difference between thc first two

pressure steps on the lower trace. The end of the wiggle between the second and +hirc ste-'s

indicates the acoustical Jffejt Jf hock wave reflection at the end plate. The third and fourth

steps measure the reflected shock wave velocity. Pressure oscillations after this time are- diie to

combustion. Note correlations with the (upper) photomultiplier trace.

To obtain measurements under approximately ideal conditions, the stoichiometric

rc;~-tants (B 2 H6 :0 2 = 1:3) are premnixed at high dilution ratios in argon. Initial conditions, i.e.,

the initially set pressures in the driver and driv-n (rea.'tor) sections of the shock tube, are then

set according to the theory governing propagation of ideal shock waves in the inert diluent

(Appendix B). Both measurement and theory show th'ýr' is negligible error (Figures 14 and 15)

in. this procedure provided that diluent concentrations are sufficiently la.-ge and that the

incident shock wave is sufficiently weak to preclude the onset of detonation modes. it follows

that the equilibrium temperature T-, downstre-ým of the shock wave (Region 2 in shock wave

nomenclature) is too small to providfe significant interparticle collision frequency for ignition of

the highly diluted fuel/oxygen gas mixture. This is verified experimentally with the PM which

views the incident shock wave in the reaction section of the tube. Since no light is detected in

the region of sensitivity of the PM, centered about 0.42 micron, until1 after shock reflection

from the end plate and since there is no measurable difference between the incident Sho k wave

velocity in the mixture or in the pure diluent for the same Initial conditions, it follows that

ignition occurs only after shock reflection for those initial conditions. (The obser'"4d a ffects

"here are entirely analogous to the observations with CO ignition.)
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Figure 13. Shock Waves in Ar (96 Percent) + 02 (3 Percent) +B 2 H6
(1 Percent); Initial Temperature = 298'K; Pressure = 500 mmHg

iUnder these conditions it may be assumed that the initial mixture mole fractions are

unchanged in traversing the shock wave into Region 2. Figure 15 shows the equilibrium
chemistry temperature calculations (Appendix B) which assume first, that flow is chemically

frozen across the incident shock wave and, second, that equilibrium concentrations of

intermediate species postulated in the chain mcchanism on page occur downstream of the
reflected shock wave. (Note that initial pressure variation does not significantly change T5 .)

Martin Marietta experimental data is plotted on Figure 1 5. Comparison of these data show that

the reported experimental temperatures T5 lie above the equilibrium values by abou; 40 0 K at

the highest measured velocity. This is not surprising in view of the fact that the experimental
temperatures are deduced from ideal shock calculations for the pure diluent, Figure 14.

Converting the measured incident shock velocity to Mach number (see Table I1l) and reading

the calibration curve, the dashed line of Figure 9, shows good agreement with the initially set
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pressure ratio P4 1 - as it should for the shock tube used. The departure between ideal and

actual P4 1 at that Mach number implies a smaller value of T5 , in agreement with the

equilibrium temperature of the mixture. This Martin Marietta calibration curve was used as a

standard of agreement and as a basis of deducing the heat bath temperature.

Ignition induction for diborane is presented on Figure 16. Note that data of Skinner, et al

(Reference 23) was obtained in a 3-inch diameter single-pulse tube patterned after the work of

Glick, Squire, and Hertzberg (Reference 28), the driven section being 12 feet long and the driver

variable between 6 and 28 feet. Thus, the L/D = 48 for Monsanto's driven tube is about the

same (L/D = 40) as Martin Marietta's, indicating nearly equal incident shock wave attenuation

characteristics. The present measurements appear to extend the data of Skinner et al by 2 orders

of magnitude with approximately the same activation energy.
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The activation energy obtained for points indicated on Table III by a method of least
squares calculation was 17.5 kcal compared to 21.1 kcal reported by the Monsanto group for
E.R. = 1. Note that if Martin Marietta were to replot their data in agreement with the
equilibrium temperature as noted above, but not in agreement with the calibration curve, Martin
Marietta activation energy would be closer to Skinners, for then tl'e 40'K, disagreement at the
high temperature end would be removed, the disagreement (from equilibrium) at the low
temperature being close to zero. However, if there is a decrease in the activation energy at high
temperatures one may conclude that it is due to a possible change in mechanism between the
high and low temperature regimes such that the system tends to be less reaction controlled at
the high temperature.

The efficiency of Monsanto's tube is compared to Martin Marietta's and to the ideal He/Ar
shock tube performance on the expanded scale shown on Figure 17 (expanded from Figure 9).
The apparent better efficiencies obtained by Monsanto are attributed to their use of nitrogen
gas to tailor the interface (acoustical impedance matching). However, Martin Marietta's greater
departure from the ideal is not a prima facie cause of the slight departure from the activation
energy curve established by the earlier investigators.
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B. DETONATION LIMITS

Detonation studies, Figure 18, give further insight to differences between the greater
volume tube (Monsanto) and Martin Marietta's 1-inch lower-volume tube. When attempts were
made by the Monsanto group to measure ignition induction times uf B2 H 6 /0 2 at temperatures
greater than 640'K for an equivalence ratio of 1 in a 99 percent diluent mixture, detonation of
the gas mixture occurred behind the incident shock wave. The driver pressure in these
experiments was 4400 mnm Hg. These results showed that although the gas mixture behaves
dynamically like pure argon (see Figures 14 and 15), complete reaction of the 1:3 mixture
theoretically generates enough heat to raise the gas temperature by about 240 0 K at initial
pressures of about 450 mm Hg. This would similarly occur at about 45 mini Hg (Figure 18) for
the present studies as the detonation curve is, proportionally speaking, near its peak there. Note
that the present study is conducted at initial pressures that are less than the Monsanto study by
about one order of magnitude and with a driver pressure of 800 mi Hg so that shock strengths
may be comparable and thc temperature rise due to combustion will be less than 2400K,
proportic mal to the enthalpies. The tailored interface technique, greater volume,and high initiai
pressures combined to exceed the explosion limits and to enhance the onset of detonation at
greater temper .',ires, limits the amount of ignition induction data obtainable by the large
volume tube at the high teiiperatures by as much as two orders of magnitude in the induction
time. On the other hand. the low volume tube was high pressure limited and data could not be
obtained with sufficient accuracy at the low temperatures. Departure in tie calibration base
curves (argon only) arc due to acoustical impedance mismatch of the driver gases. To account
properly for all differences it would be necessary to extrapolate data to infinite volume.

Fig,.ure 1,8. Corniparji.,;tc of Martin Marietta and Monsanto 1_eton

-"i-"f • € . ..i , !.. ! ! , • !i -. -
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TfABLE IV

Wavelengrhs Identificd. Spectrum I

System (Published) Mceasred Ordcr IRef Relative Intensity

BO- 251i.60 (8-1.01) 3 2 5.0

. 2641.53 (4 u.18) 2 I 5.5
BO - 2713.80 (I 5-. I)w 2 2 2.0

N 2 -Kaplan 2740.00 (40.0)Q 3

NO - X 2763.30 (04.00) 3 2 I .0

BO - 2999.60 (97.1I) 3 > i1.5

OH 3003.60 (64. i 1) 3 2 5.5

8H 3098.90 ((Pi. 1 (1, 2 2 > 1.0

Ar 3165.3() ( <0.) 2 1 1.5

Ar+ 3393.75 (()-1. "A) 2 1 2.0

BN 3809.30 (11.1m) 1 2 1.5

C 3920.08 (20.78) 1 1 2.0

B 4039.57 (9)0.7/5 I 1 10.0

N+ 4133.01 (33,65) 2 1 1.0

CO2  4137.60 (3,..4) 2 2 2.4

N 2  4141.80 (41.90) 2 2 2.0

BO 4143.40 (.43.05) i 2 1.5
1 N., 4165.00) (6-" )) min 1, 2 1 2.0

0+ 4185.456 (8-7,.0) 1 1 6.0

I (BO, 4305.89 1 .,8 ý) 1 3 5.0
BH 43310)60 (1.6.5) Inmax 1 2 2.5

4416.97 (1 I.I () 1 2 2.0

N 4441.99 (.1.) 1 1 2.0

11 B0,? 4502.51 ((1.I() 1 3 2.5

CN 4606.1 0 (0-1.78) 1 2 2.5

Ar 4872.73 (7 ,.01) 1 1 5.5

Ar 491 7.5 (17.97) 1, 2 1 4.0

I )B02 4951.05 I.I .1 ) 1 3 4.5

R'fcrences: I. (;. R. Harrison. M I.T'. WaveleWn t Tables, Wiley, 1956.
2. It. W. B. Pcars, A.1(;. A. rli cF"h- I'•tdtifi iitiO,, of Molecular Spectra,

Third Fd., Chap,,.amid Hall. 1903.
3. J . W. C. J ohio, ""I'l Absorption Spec truin )' BO)-9 , Can I of Physics 39,

PP 1738608, 19oI .



The third order spectrum oV tcli, sani photographic plate was also analysed and was

found to yield the hydroxyl (0,W haiidhlead 2- - "n transition line at 3064 A to fair

precision (1.7 percent of 30 A) and with 55 percent of maximum intensity. OH was not

observed in first order because it was obscured by the noise level there. In second order the

OH line was not sufficiently intense to be obtained below the 100 percent transmission level

of the record. it is to be noted that OH emission has not been observed in steady flames

during the slow burner combustion of stoichiometric B2 H6 /0 2 mixtures, References 23 and 43.

However, emission evidently exceeded absorption by OH during some or most of the 19

repeat runs producing the spectrum under analysis.

A grey gas, Reference 41, analysis was performed, using an absorption coefficient of 8.6

X 10'A cni-/mole (Reference 42) for OH at temperatures in excess of 1100 0 K. The

calculations show that the absolute emission intensity at 1160 "K is about 0.001 Watts/cm 2

while at 3480 °K it increased to about 50 Watts/cm 2 . We conclude that in the detonation

mode, the h cal temperatures may reach sufficien.y large values to promote large populations

of excited OH so that emission exceeds absorption as observed in the present experiment.

The presence of OH, even in third order, tends to qualitatively verify both the prediction of

early mechanism, postulated on page 19, and 0:,e equilibrium composition shown on Figure

20.

Generally, the present observations are found in agreement with emission spectra

obtained from diborane/air and diborane/NO flame studies by Wolfhard, et. al., Reference

43, and oxy-diborane flame studies by Skinner's Group, Reference 23. For example, the

intermediate species BH, BO-c , 03 and B02 were observed in all the flame studies. Hydroxyl

radical was observed in the non-stoichiometric flames. However, the range of (non-detonative)

temperatures in which OH absorption dominates over emission by excited OH is still to be

determined. This is de.;ired so that one may minim;ze the guesswork in proceeding with

quantitative absorption measurements. At an equilibrium temperature of 1000 °K in the

non-detonative mode OH will probably absorb, according to present calculations and to datA

of References 44 and 45: but if the OH concentrations are as low at 1000 OK as indicated on

Figures 15 and 20, the absorption measurements may be limited by instrument sensitivity,

Reference 46. It is important to note that the actual non-equilibrium OH concentrations to

be measured will be one to two orders of magnitude greater than thise shown by the

equilibrium calculations on Figure 20. The OH absorption experiment was designed and is

discussed in Appendix A.
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I. BACKGROUND

-. esearch resulting from the desire to utilize the processes of heat
release at high power density levels has greatly enhanced the unc,2rstand-
ing o. phenomena in high speed gas dynamics. Thus, problems in :ombus-
tion :ynamics and reZentry physics have received increasing attention by
variP -is specialists who are finding a common field of interest called gas-
wavo -d- namics (References 47 and 48). This new field depends on experimen-
tal n-etr ods and theoretical developments in spectroscopy, chemical kinetics,
stat.siic i turbulence, and radiative entergy transfer. Investigative methods
are cen:ical, both in combustion dynamics and reentry physics.

in -le p esently sponsored AFOSR investigation of high energy fuel
chemistr' s-)ecial attention is directed to the further understanding of

gas-wave-dc namics in supersonic combustion. Applications of interest
in supersonic combustion include development of the supersonic combus-
tion rani iet and the use of external burning for increased maneuvering
capabi it3 of tactical, strategic, and manned reentry vehicles.

Twc possible modes of supersonic combustion have been identified
•or stud>, .. g., supersonic diffusion flames and detonations (Reference 49).
T"he fo-mer is largely deflagrative burning, characterized by the mixing
recu:rerment; whereas the latter assumes the reactive components are
prt :ei, giving rise to the sim.plest explanation, in terms of Chapman-
,To;, u -i tetonations, that the local Mach number ,)f the burned gas behind
thE -Ietoi ation wave is unity. A third mode of supersonic combustion is
pol, sible that in which the supersonic diffusion flame achieves the cor-
(lition of a standing (stationary) detonation wave in the reactive flow as
.t is swe-t downstream (References 49, 50).

Tht nt ,ossity for including the exact kinetic processes in the burning
region, iii order to understand the various modes of supersonic combus-
tion, 1-is led investigators to depend upon better known mechanisms such
as the branched l1 2 /O2 reaction (References 50, 51). Thus, a better under-
stinding )f the structure of stationary waves has evolved (leferences 15 and
52 thr ,u h 56). It is presently suggested, for example, that ignition delay
in th ' st Ltionary (stable) detonation of H 2 is related to the distance betwe cýn
tnct I u n .ng regiozi and the shock wave created by pressuctc pulses from this
'egion .i., one concept of a detonation wave which has gained much ac-
,eptan, ( is that of the shock wave followed by a burning region. However,
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the study of standing detonation waves where a free boundary is used,
such as in the work of Nicholls, and detonations in tubes have shown some
interesting differences. Whereas in a free boundary, the detonative flow
may be largely of the "laminar" type, in a tube the reactive flow following
a running detonation wave becomes "turbulent" giving rise to a non one-
dimensional spin mode (References 56, 57, and 58).

The origin of spin appears to be related to the scale of irregularities
(turbulence) in the burning region. It is opined that the turbulence scale
depends on the particular reactants, the necessary activated state being
achieved in a manner different (perhaps more efficient) than in the "laminar"
case. As this turbulence scale is increased, transverse acoustical
waves coalesce because of superposition at the walls, giving rise tc the
shock waves observed within the detonative transition region (References
59 and 60). Since these irregularities are not prima facie random, perhaps
due to anisotropy induced by the mean flow, the strong waves enhance,
rather than cancel the motion creating an angular momentum, or spin
(Reference 61). In the case of free boundary waves, the transverse
acoustical disturbances are present due to combustion but are free to
propagate out of the region of influence; this may also account for the
"laminar" structure of a standing detonation wave.

There appears to be some uncertainty as to the most efficient mode of
supersonic combustion for a given application. However, it does seem,
likely that attempts to utilize standing detonation waves in external
burning may require a better understanding of the scale of irregularities
due to the presence of the boundary. In any case, the concepts of ignition
induction and the ac('eptance of shock tube kinetics as a means of establish-
ing both reaL'tion mechanism and ignition induction have been established.
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I11I

II. REACTION PROFILE MODEL

In the study of reaction rates and mechanisms of complex systems, it
is expedient to have a means to determine the reaction profile, i.e., a
method whereby the time rate of change of each reacting species may be
evaluated. Such an analysis requi-es the simultaneous solution of the gas
dynamical equations of change and the species production equations. In the
case of shock tube studies the equations of change reduce to the Rankine-
Huginiot relations, and in the case of competitive reactions a series of
simultaneous differential equations describing the relaxacion processes
must be solved. Hence the kinetic rate constants and the mechanisms of
the reactions must he known or estimated. In addition, a knowledge of the

coupling of the chemical kinetics with other relaxation processes such as
vibration should, in principle, be known since often it is found that the
chemical reaction rates are affected by changes in the internal energy
modes of the species. Generally such effects are ignored initially until
there is good reason to verify these effects experimentally. If it can be
demonstrated that the vibrational relaxation time is of the order of or less
than theý chemical relaxation time for example, then provision must be
made to account for this effect. Often coupling between different relaxation
modes may be neglected if the temperatur,0 is not too high. In addition to
these effects, temperature and pressure variations within the reaction zone
will also affect the reaction rates; however, the pressure variation is usu-
ally small ai ., in shock tube work, the temnperature in the reaction z(one is
very nearly constant if sufficient diluent is used.

Duff (Reference 51) and Duff and Davidson (Reference 62) have given a
method whereby the reaction profiles may be computed for nondetonative
shock tube work or the effects of estimated rate constants and proposed
reaction mnechanisnis ma:y be evaluiated. The gas dynamical equations and
the equation ()f st:ite, are solved suhiejt:t to the initial conditions, i.e., the
temper'ature and pressure behind the shock prior to reactions, the concen-
trati on of All species At the samne, lttint, and a fun ction of pre.,sure and den-
sity ia t'- it !ht, shock v.lucitv.

'['Jl,~ ~~~~~ ~ ~ ~~ it i1 I,5 1 ' ! l 'l • .!"1 I tl:l [i, •, )I~ ( s I' I 1 4I ll • Ia ti '

I11I :l : lt ,[ : t I•' I: l i l l , } , I l, • l~ ', ,• l~ ~ • l ~ l 5 I • ' . ! I , . [



St~~l'II,() ,' rtI , t ." () ' I s t ' 's I :Is tll(, l't+.I,'tio jll t)l't.() i(|( s , ,l~l tiit'H i' da ta ý1 t<',

I-cýt It(.czt ( ' ' \,I P\ (' ( )~ tI I t IIIIIIIl• ý I jL 0-;t hI I )I-pa ':tl tt rinc e 's niay b , f'itted ito tiht, (x-

[p'r illt ,,I I. , II I ths I.\ (' d; ta ;ItI,(I tit w 'atte c()nstants found f'rmt- the fittc d
values (t) the pat mi, tel's (Rtef'rt'nc( 63). A more sophisticate d iI(ttt|,,I
is to deh\vt[o) ,an alg•ehaic fuut'tiotn o)f the measured pr(opcrty which is

lineat with tamec. \lLtIeS Of the ptroperty can then be taken from the data
at varioIus it('l'vaLIs alld plotte,(i against time so that the slope can be re-
Lated tot tt . 'tta , ctnstant (efi rt'c ir'es 64 and 65).

I)uff' s reaction pr'ofile model was constructed for inviscid flow, account-
ing for chemical kinetics.

Subsequent formulation is aimed at the more sophisticated approach;
following Marrones' (Reference 66) extension of Duff's idea, i.e., to in-
clude vibrational relaxation processes and chemical kinetics, with their
cross couplings, the next step is to include the effects of collisional trans-
1port properties.
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III. MATHEMATICAL FORMULATION

The objective is to develop the theory of planar shock wave propagation
in a reactive medium, taking into account the structure that may arise due
to interaction effects of chemical kinetics with collisional transport pro-
perties and energy transfer mechanisms. These effects superpose on the
general class of inviscid reaction profile models such as Duff' s and, more

recently, Marrone' s (Reference 66). Planar detonation wave structure
theories, which account for the interaction effects, were investigated by
Hirschfelder' s group (References 67 and 68), by Adamson (Reference 69)
and, more recently, by Petrone (Reference 70). In references 67 and 68

the type of reactions studied was limited to the exothermic, irreversible
and reversible unimolecular reaction respectively, with transport proper-
ties grouped as constant values of the Lewis and Prandtl numbers. Adam-

son found an approximate analytical solution to the same problem, neglec-
ting diffusion. Petrone considered a single reaction describing the decom-

position of a homogeneous condensed explosive and included but one trans-

pcrt property, namely artificial viscosity, solving the time dependent one-
dimensional Lagrangian equations. Finally, a non-exothermic reaction

problem was investigated by Scala and Gordon (Reference 71) who obtained
an exact numerical solution to the two-dimensional, time dependent Navier-
Stokes equations for the supersonic flow past a blunt body where the effects

of temperature dependent transport properties and where a system of two
dissociation-recombination bimolecular reactions are treated.

In the present development we proceed with a general endothermic or
exothermic scheme, following Marrone, where the chemical source matrix
will be adapted to any branching chain mechanism and where an explicit
dependence of chemical reactions is introduced into the transport proper-
ties subroutines.

A. EQUATIONS OF MOTION

The development of chemical reactions in a branching chain mechanism
may be strongly vibration-dissociation coupled, particularly in the initial
stages of thermal decomposition during the ignition delay period. Thus, the
equations describing processes in the reaction zone downstream of a shock
wave must account for such chemical-mechanical couplings. These relation-
ships were discussed for a general multicomponent system in Reference 72
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and have been reduced to a system of first order, ordinary, integro-dif-
ferential equations including collisional transport, radiation energy transfer
and chemical source terms governing the mass and energy transfer phenomena
of a quasi steady-state, one-dirnensional, chemically-relaxing, multicorn-
ponent gas.

In their simplest form these equations are:

pv = A (1)

and

piv = B+m. N v(T) kT e (2)

S1 0 , '27r/'• dy -J 2

for mass transfer;

2 = +4, dv 4PV=C 3'M/ dx- aT4/C) "p (3)

for momentum transfer, and,

T
1 3 4 dv dT N N n.D-pv+-pv+- ± dx d (v. - v.)

i=1 j=l n rn.i.

N
-4y 'a(y) T dy- j h, - pvh (4)

for energy transfer. A, B, C, and 1) arc constants; the ci's are the reaction

activation energies, a is the Planck mear absorption coefficient, and other
symbols are defined in Appendix C.

Diffusion mass flux Ji and velocities vi of chemical species are related
to the concentration, pressure, and temperature :Tradients according to

ii = P i _ m . ,,.I v .; (5 )

that is, the diffusion velocity is given by (Reference 72):
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2)N (d X. (X. /- d lIn

i=T d
P ii i

1).. (6)

B. CHEMICAL EQtTTIElHIA AND RELAXATION PROCESSES

The specific enthalpy foi- chemr-ical spccies is

h, I + 71/RT RIT (7)

where ýiis the specific energy content per' unit mass and the bracketed
quantity is the rc-duced enthalpy function

[3() -h(T) y(T)(8
p/ y(T)- I

a temperature dependent function of the ratio of specific heats, y, suggested
in Reference 73 for applications where the state of the gas may deviate
from thermal equilibrium. Considering Equations (7) and (8) the reduced
enthalpy is

M3T) = 1 + f ~ (9)

Where Cf is a dimensionless specific energy content per degree of freedom,
f, of the atomic or molecular system of interest. For example, the energy
distributions for ideal gases in equilibrium are described by

f
= I ~-(10)

Thus,

fff

where f = 3 and 5 respectively for atomic and diatomic molecules in ac-
cordance with equipartition.

1. Statistical Considerations

These classical considerations from kinetic theory are not sufficient

in the case of very strong shock waves, nor in the case of detonation waves,
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and Possibly not inl ilhe (',S(' of sonmc (tellag rations, especially t hose due to

the burning of highi energy pyrophoric fuels. It is therefore ne'cessa ry to

consider t he niciv oscopi e model for' the dlist ribumt ions of chemlical sped 45s

O111 lg ti'Vt, lU tml'gys lt'V 'l5 L(jN'tt'(1 ill 1h1C (OtribtiSt ion l cls~

From statistics;,

ff

wvhere the 1x it-ition funct ion Qf is given) hY t111 product () f itt'!iVidiiill pa i.-

tition functions,

Q 4 ((t 1.) (rt)t (vih) (mt rot) ((.) (111unt.
Q W Q 0"

associated withi tH10 fanSlittionlal, rotaltionala, vibratijonal , Olit roni e an~d

nuclear excitations of chemical species. Nach p~ar'titi on funct~ion is (orl-

puted by an expression of the form

P, 3 j k

She- r'e thcE i are thle j enurgy c 'uvaluei~LS of chemtical species i, and the

* arc the degeneraci es of t hesi- i 4ý rvalu (s in the 1th statc.

Forr shock excited proc *s sc- il is known that hec translational. anld

rotational degrees of freecdom of a roll]ic and/or diatornic mnixtu res equili-

hratc after aL1oirt '1 1o 5~ '11d 10 1to 100) interlpZ11ticl(' collisions I'('5r)c.ftJvf.ly,

%011h inict-easill< shoi' wk v sI ein-'ii, . 'rims, it i, ,4;afe to ,;,siy ihat c-quipar.-

lit ion holds 1 s ý' . ; for t ran t i -, ¶; o i ,i i , 4ats l pr v I t y'i I' a 'j

vvhich vittds, foi ,ill mlculec11,,

in agrecnicmnt with th-e result from Eqrruat ion (11). Th'le solution to

Schrý;idi gc'r's equn !ion for th' k in4 at inna I tirvy er gen va lm-s of ri girl

diatom ic rotator i H

so



I 1 j(j + 1)/2 1 (17)

J ii_,i

and the degencracihs are

".j 2j + 1. (18)

Thus

Q(rot) 2(2j + 1)e j(j + 1)/21 kT (19)

j= 0

for a rigid rotator. Equation (19) is most easily summed by the substitution
of integration for summation, see Reference 74,

Q(rot) e zf 2 /2I kT dz = 2I kTdz .. 2 (20)

Equations (12) and (13) then yield

3 5
e -+ = - (21)

f 2 2'

again in agreement with Equation ()1). These results are useful provided
the vibrational levels of a diatomic gas are riot appreciably excited. When
the vibrational contribution is included,

e = 5 u(T) (22)ef + e(U2r)) 1

where

u(T) = wA4'i/kT. (23)

With increasing shock strength,

u(T) << 1 , (24)

equation (22) reduces to
7
7 =(25)
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for the "fII ' '"VqUilibrated classical dijatomnic mnolecule. Corrections for
the case of a noin-igid, vibrating rotator arc given, for example, in Refer-
ences 74 and 75. Equation (22) then b'comeUs

(f 2+ )/()+ eu(T,) -l(26)

where a and j3 are spectroscopic parameters of the chemical species. Here
the similarity to classical kinetic theory ends.

Indeed, it may end prior to the effects noticable when the anharmonic
effect 4) is accounted for. This is because electronic states may be excited
prior to the full vibrational equilibrium. Accounting for the electronic
excitation, and the heat of formation,

m -E il/kT
1: E itgf e 0

5f=a+4 u-1 u +1 1=1 +. e1 f27
f2 eu 1 R.T m -E /kT R T

iiere I is the energy eigcnstate above the ground state and where T is the
oquilibrium temperature.

2. Relaxational Processes

When the state of a molecular system is changed suddenly, as in the
case of shock or detonation waves, a finite time is required before the sys-
tern reaches its new equilibrium position. This relaxation time, 'r, is de-
termined by the efficiency of collisional energy transfer betweecn the various
degrees of freedom of the system. The value for T was first obtained in
Reference 76. It is

7 hv/k10 (1-eh T} (28)

For the present, consider only the case of vibrational non- equilibrium.
Then, the rate equation that determines the dev.iations from equilibrium is

- E 'E(T, Tr. )(1Jd [X]i
dt -en[X dt ) f wd

--. (T5 u(T) (26)

+ 'dXJ (29)
i ýiback
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where Tvi is the vibrational temperature obtained by solving the harmonic

oscillator relation,

e. hv/k' (30)
I exp( hv/kT -1

The first term in equation (29) was first given in Reference 73 to describe

the rate of change of vibrational energy due to collisions. The second term

accounts for the fact that the average vibrational energy of the system is

reduced due to dissociation, while the third term accounts for the increase

due to recombination. Thus, vibrational and dissociative nonequilibrium

processes have been coupled according to Reference 77.

Important vibrational relaxation times, r, for high temperature air

species are

1 For Oxygen:

T1 1.6188 x 10 - x r 101.4441 (31)
02 p exp L(T' )1/

2 For Nitrogen:

1.11531 x 10 (T' 0.5 exp (32)

2  (T')

"r' -seconds
p' - dynes/cm

2

T' -*K

C. EQUATION OF STATE

For a real gas, the equation of state is

p = ZpRT, (33)

where Z is the compressibility. Z = 1 in the case of an ideal gas and will

be assumed so in most instances.

Equations (1) through (7) and (27) through (33) must be solved simul-

taneously for the usual flow variables p(x), v(x), p(x), T(x), h(x) and Xi(x).
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The species mole fidct jolls X i(x) obtained as a function of the d"Istance x
behind the shock wavte, in a one- dimiensional combustion process, constitutes
the desired r~eaction profile model.

D. KINETICS

In the case of combustion processes that are rate controlled, tho dif-
fusion mass flux -may vanish identically. Equations (1) and (2) may then
be rearranged as follows:

N
dX -/dx - X •M i dX ../dx <M.> = NW 0 .i/nv %(34)

11

Equation (34) may then be inverted, as shown in Reference 78, by matrix
techniques into a secular equation relating the column matrix of mole
fraction derivatives, the N- component snecies mole fraction matrix of
rank N, and the column matrix of N cher-ical source terms W.defined in
Reference 721 as the ma'ss ra4-e of produ,ýtion of species.1

E. SAMPLE CAI JItL:" TIONS

When collisional transport r'nd radiative energy transfer mechanisms
are suppressed, the Martin Marietta programn reverts to the CAL subroutine.
This subroutine m-ay be used to compute the nonequilibriumn chemical effects
due to highly, exothiermic, branching ch~ain reactions during shock ignition.

TIn this case Equations (1) through (6) are altered by setting At, K, Di
ce and D** equal to zero, differentiating Equations (1) through (4) with re-

ii i ii

spect to the distance y following ',he shock front, neglecting the radiative
pressure term in Equation (3), and substituting for the integral term in
Equation (2) the chemical source matrix required. The calculation then
proce'clN- 'ýaot as described in Reference 6b.

The chemical system used in this study is the hydrogen/oxygen branching
chain mechanism. Table V lists rate constants used for the assumed
mechanism. These were obtained from. the work of Henrici and Bauer,
Reference 79. The result of the seven species, eight reaction H2 /0 2
ignition induction calculation is shown on Figure 23 (solid line terminated
by circled points). Vibrational- dissociation coupling was assumed un-
important for these calculations. The activation energy agreed very well
with that obtained by Hersh, Frey and Gerstein, Reference 80, whose cal-
culatiorts are exprapolated from the low temperature region. The calculated
activation energy seems to be in slight disagreement with that measured
by Schott and Kinsey, Reference 3. Departures in the ignition induction times
may be explained in terms of initial pressure and diluent, Reference 81.
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10.0

1.0 /°/,

-40

0.01

0.001 (8 10) (,9,11)

0.001 0.8 - 1. o /T
S: 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1000/T°K

Experimental 02: ti2: Ar
a Schott and Kinsey 5-10 cm Hg
Upper Line 0-5: 1: 98.5
Lower Line 2: 1: 97

O Urtiew and Oppenheim

302 + 4H 2  42.8: 57.2: 0

Calculated:
p,•. O Present Work

* Cornell University 2: 1: 97 1 Atm

- -- Hlersh, Frey. and Gerstein 3.34: 6.66: 90

Note: d 8 Species. 10 Reactions

S9 Species, 11 Reactions

S Suppress Termolecular
Reactions

Figure 23. Hydrogen/Oxygen Ignition Induction
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"A"i'i V

-tI (Constanit; for Assuuimid I1.,/)2 Mvchanism

Hate (o(Nstarnt: Iefer-
(c" nnmlev I see-C) fn( c

I!,, M 2 II * M 2.23 x 1012 .1,1/. xp(92 600/W ) a

, 2M -2 M 3.6 x 1018x T[I exp(- 118 000/wr) 1)

I 0. 2 Off 2.51 x 1012 x(-39 000/- )
2 2 ~~1300/T

0 i, lO1 0 1 7, x 10 exp(-14 450/RT) d

0 Il,, H.011 O II 10 exp(-8 800/RT) eS~13 !
Off + II.f- " 1 ',M + if 2.3 x 10 exp(-5 150/RT) f

Oil + OH 1120 + 0 1.55 102 g,h

"1190 + M I1 + OH + M 5 x 10 exp(-105 000/RT) i

The rate constants shown have been determined for M is argon.

a. A. I,. Myerson and W. S. Watt, J. Chem. Phys. 49, 425 (1968).
b. K. L. Wray, in Progress in Astronautics and Rocketry, F. R. Riddel,

Ed. (Academic Press Inc., New York, 1962), Vol. 7. p. 181.
c. Value suggested by G. L. Schott.
d. D. Gutman and G. L. Schott, J. Chem. Phys. 46, 4576 (1967).
e. I. M. Campbell and B. A. Thrush, Trans. Faraday Soc. 64, 1265 (1968).
f. W. E. Wilson, Western States Section Meeting, The Combustion Institute,

LaJolla, Calif., 1967, Report on the Establishment of Chemical Kinetics
Tables, Chemical Propulsion Information Agen.., April 1967.

g. W. E. Wilson and J. T. O' Donovan, J. Chem. Phys. 47, 5455 (1967).
h. The reference quoted gives no temperature dependence. In earlier work

(F. Kaufman and F. P. Del Greco, Symp. Combust, 9th Cornell Univ.,
Ithaca. N. Y., 1963, 659 (1953)) it was suggested that the activation
energy cannot be more than (1-2) kcal/mole. In our calculations we used
the roonm-temperature value without an activation energy.

Calculations (points) are also shown for eight species, ten reaction and
nine species, eleven reaction models assumed. These contained the ter-
molecular reaction H + 02 + Ar -- H02 + Ar, and the collisional dissociation
reaction.

OH + Ar -* O+H4Ar.

Suppressing the termolecular reaction had the effect of increasing the
ignition induction time as shown at a nominal temperature of 1820rK. The
same calculation, repeated at Cornell University produced a still higher
value of the ignition delay time at 18551K. This is attributed to machine
differences since the same model was used. Otherwise, differences in
the model used, though deemed adequate for ignition processes does tend
to make a great difference in the ignition time and may produce errors
in the activation energy. This was discovered after performing a calcula-
tion with the nine species, eleven reaction model of Reference 82.

56

J.-



I

rThe output lists species conrcentrations variation with distance down-
stream of the shock front, or as a function of time from the front. The
reverse of each reaction is accounted for in the CAL subroutine. For-
these calculations the induction time is defined as the time for maximum
Oil concentration. The (final) equilibrium temperature occurring in the
reaction is used to obtain the ignition induction plot. Figure 24 shows the

O1- concentration envelope for all reactions from which the maximum Oil
concentration was obtained at 2.35 psec, for an equilibrium temperature
of 18550K. Figure 25 gives the positive Q.i (i = 011) matrix elements which
represent the instantaneous net rates of fomation of species i in reaction
J. The envelope of the absolute values of all such matrix elements for OH,

viz Figure 24, was used to obtain the ignition induction time.

97% A'll 0 2' 00 it 2 [OH] max (Schott)

5i

InUR U 1.301 mm/psec

S4 4= 4 .0 2 M

T 1760*K before reaction

- T 1855*K at equilibrium

o 3
0

m2
I °'

0
U

0

0 1 2 3 4
Time -Asec

Figure 24. Envelope of [OH] Concentration versus Time
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--- - ai~eaction: 0+112 -0 11+11. 5.

97% Ar. 2% 02 161 ti

2' 2

0-2

10 -____ _ _ _ ______

Q .

_______ 4_ _ //

0- 5

iquilibriurn Ter raturlt 1855*

10 -

0 1 2 3 4

rime -Msec

Figure 25. Rate of Production of 01i1, QO j~ versus Time of Several
Reactions in the Hlydrogen/Oxýygen Chain
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IV, EXTENDED MODEL

Of immediate interest to the Martin Marietta Corporation is the chemi-
cally coupled shock wave, reaction profile model now coded. This model
is constructed with arbitrary endothermic and exothermic chemical source
input. It includes as principal subroutine, the quasi-steady state, one-
dimensional, inviscid, reacting air chemistry model of Reference 66. As
such, this subroutine is ready for use in high temperature, chemical non-
equilibrium problems, both endothermic ard exothermic, provided that
radiative energy and collisional transport effects are unimportant. A
number of practical engineering problems presently require the CAL
(subroutine) inviscid model to supplement:

1 Propulsion,

2 Heat shield, and

3 Communications

systems design of advanced, high acceleration vehicles.

The CAL subroutine is used as a diagnostic device for determination

of reaction rate data within the framework of self consite.ent, branched-
chain reaction mechanisms (Reference 79). To better achieve such eval-
uations, Reference 66 is being extended to include the interacting effects
of finite rate chemical reactions, radiative energy, and collisional trans-
port properties of high temperature multicomponent systems. To the de-
gree that collisional transport models are known, Reference 83 for example,
for purposes of calculating the multicomponent viscosity, diffusion, and
thermal conductivity coefficients, the proposed extension is complete. How-
ever, even the simplest radiative energy transfer model proposed, in the
optically thin limit, will be of limited use due to the paucity of photon ab-
sorption coefficient data, particularly in the chemiluminescent regions of
interest. Recently there has been a great demand, and corresponding ac-
tivity, to obtain these data, along with refinements of the radiative energy
transfer models, both at the optically thin and thick limits and within the
framework of a precise molecular band structured model, see Reference 84.

It is believed that the extended model will play a significant role in de-
sign problems of interest to the Nation's aerospace engineering effort be-
cause, in addition to the determination of chemical nonequilibrium effects,
it will also be possible to estimate:
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1 Radiative heating due to the rocket motor and the heat shield

2 Effects of viscosity, diffusion, and thermal conductivity, for applica-
tions where the nondimensional transport property parameters
(Schmidt and Prandtl numbers) are variable

3 The generation and populations of free photoelectrons that contribute
to plasma noise effects, disrupting communication signals.

A. EQUATIONS CODED

It is desired to investigate the interacting effects of multicompc nent
collisional transport properties, radiative energy transfer and chemical
kinetics. It is known, Reference 83 fo:- example, that collisional mornentum
and mass transfer are locally independent of chemical kinetics; but depend
on the previous history of physico-chemical processes in the flow through
the local multicomponent molecular weight and temperature. In a reacting
flow, particularly where supersonic combustion may give rise to steep tem-
perature and concentration gradients, it is important to access this mutual
interaction. Collisional energy transfer is far more complicated than the
other two transport properties because of internal energy exchanges be-
tween species occupying varied excited energy states, Reference 85 to 92,
in addition to the energy transport dependence on chemical kinetics and
prior history of processes. These combined energy transport phenomena
are grouped into the coefficient of thermal conductivity.

Starting with general equations applicable to chemical reactions in flow
systems we obtained a system of first order, ordinary integro-differential
equations accounting for collisional transport, radiation energy transfer, and
chemical source terms governing transfer phenomena in a quasi-steady
state, one-dimensional, chemically (and vibrationally) relaxing, multicom-
ponent gas. Thermodynamic expressions accounting for the contributions
of excited vibrational and electronic states, including anharmonicity, have
been incorporated into the energy equation, whereas .andau-Teller-Hertzfeld-
Treanor and Marrone theory is used to account for coupled vibrational-
dissociative nonequilibrium, (refer to Equation 1-33), see References 66
and 93.

In their present form, the equations have been further developed to adopt
Treanor's modification to the '.Cunge-Kutta method (Reference 94). A matrix
of Runge-Kutta coefficients has been programmed from the following set of
17 equations, and machine logic has been developed for the overall program:
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d~ -0 N.0..1 V.

dy X.0 . N 0 ,

ex-1 exp
T.

EA.Q.. ([N~ 1) 0]

rA.. Q. l-
y ypU x j f1., (35)

dr'. r
dy. c +1,.., (36)

dX. s x1  r.( 7u U(MW) Z:X1dy ~ ~ j 1 D~. [io x 0 r} 3

mw E( Z W) x (38)

dy (m (W) -~(39)

a~l ady

y. x.i/(MW) (40)

dyj _ 1 jX - * d(MUW) (41)
dy (MW) dy (MW) 2 dy

ii pu (MW)[afl. -y j, (42)

dj. dr, dy.1
pU (MW)af (43)~(Tydy- dy
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dp _ p dU (44)

P -(45)

dp = p dT p d(MW) + (46)
dy (M--W) -y "TW) dy p dy

p = Tp/(MW)A (47)

d T = ( 4 8 )
d i d2 Ts d
dT dTpUU(MW)dY2  r (n - I) + C Y p

dy AK a dy K dy p dy a -

pU s h MW)2  dy. r(d 2U &l[ A( ~4i dU 4~sjdU

A K s P PYc dy K Udy 3K , dy)
a=i j=l P J • d 3 ,y

dpU2 dU 4 k 1 s h 1dj & P dT
+K dy K AK (- (MW) dyI C l u j ( M a a ( 4 9 )

dU = U (50)

dy

dJ d d2 U_ 3 dp + 3pU l (51)

dy dy 2 41Ad

These equations are used to compute, in order of their appearance, the
rate of change (with respect to distance y from the shock front) of

ej = the vibrational energy of jth species, calories/mole;

r. = y .u./u, concentration of j th species, moles/unit mass, including

t We Jeffect of multicomponent diffusion through the ratio of species
velocity u to mass averaged velocity, u;

X = mole fraction of jth species;

(MW)- total molecular weight at a point y downstream of the shock front
due to the production and recombination of species, including the

effect of the rate of change of their concentrations, gins/mole;
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cocetrtin of .1 species, moe/ui mass;

j. mass flux, gm/cm 2 s;

p z mass density, gm/cc;

p pressure, dynes/cm

T temperature, degrees Kelvin;

T rate of change of temperature with respect to y;

Urate of change of mass averaged velocity with respect to y.

B. VIBRATION - DISSOCIATION COUPLING MODEL

The nonpreferential vibrational energy model, Equation (35), is derived
in Reference 93 and is included in the principal (C.A.L.) subroutine, where

X j the vibrational relaxation distance of jth species, cm;

0.= the characteristic vibrational temperature of jth species, *K;

J~l IJ

---= --- 1 -1

Tm. T - T is a temperature parameter, *K, relating the vi-
3 brational and translational temperatures;

Ni the number of vibrational energy levels of j t species;

A = 1 or zero, is the vibrational coupling of j thspecies to the i th
reaction depending upon which reaction will be affected by the
vibration-dissociation coupling process;

Qij is the mole-volumetric rate of production of jth species from the
ith reaction;

x is the degree of nonequilibrium; of the th reaction.

In the nonpreferential model, dissociation is hypothesized to occur with
equal probability from any level of vibrational excitation of jth species.
However, recent theoretical arguments, References 95 and 96, suggest
that dissociation is coupled preferentially to the upper vibrational levels
of excited molecules. Thus, a preferential vibrational energy model is
also included in the CAL subroutine. Presently, such models exist only
for diatomnic molecules.

C. COLLISIONAL ThiANSPORT PROPERTIES

1. Mass Transfer - The Diffusion Coefficients

Equation (37) requires an expression for calculating the multic v-ponent

diffusion coefficient, Di s For this prupose, Reference 83 gives

63



K_ ., - '

I'D____ 2 (52)
"--" (M W ) II N_ 

_

K-

where I K jj is the determinant of

SX. (MW) X
K + -(53)

jo' (MW). KtfjJ

u• and L are di~mensional velocity and scale parameters in the CAL sub-
routine, the Kga are the minors of [iK[II, the K.. = 0, and the first approxi-
mation to the binary diffusion coefficient is coj~nputed from the formula

11.. (MW) + (MW)

2(MW) (MW)
p(y) j (0.002628) 2 (1 1) (54)

- a 1 2 %12 (T 1 2

Equation (54) shows that the binary diffusion coefficient varies directly

with the 3/2 power of the local translational temperature and varies in-
versely with the local pres urj, the square of the collision diameter a 1 2

and the collision integral U' (T12*), where T 12 * = kT/A 12 is the reduced
temperature, e 1 2 ,/k is the potential parameter in *K, and k is Boltzmann's
constant. Equation (54) was checked out for self diffusion, Table VI.

TABLE VI

Comparison of Calculated and Observed
Self Diffusion Coefficients at 1 atm*

2 -1S.b fcm scm Ref Experimental

Gas T( OK) Present 83 (cm 2 sec 1 )

AR 353.2 0.249 0.245 0.249 + 0.003
273.2 0.157 0.154 0.156 0.002

0.158 + 0.002
77.7 0.0136 0.133 0.0134"+ 0.0002

N2  353.2 0.273 0.273 0.287 + 0.009
273.2 0.174 0.174 0.185 + 0.006

0.172 + 0.002
77.7 0.0161 0.0161 0.0168i+ 0.0003

OCheck 1 P581 using Equation (3.2-46) Reference 83.
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Collision diameters and integrals are tabulated in References 83 and
97 for like particle encounters (single species gas). The collision diame-
ters are averaged for pnirs of interacting (unlike) molecules, according to
Rl.efer'ene 83,

12 -(a + a) (55)
12 1 2

--where the a. are obtained from Tables I-A. page 1110, Reference 5 and
Table 1, Re erence 97. The required collision integrals are obtainable
as a function of T 1 2:)', where the potential parameter for pairs of interact-

ing, molecules is, again according to Reference 83,

1 2 =2(56)

2. Momentum Transfer - The Viscosity Coefficients

For a single species gas the first approximation to the viscosity co-
efficient, from Reference 83, is

S{ 106 T(MW).
~~6 [=1 3, : 0 o

__________26___693 -___ (57)So . •2 ( 2 , 2 ) T , )
a. r (T*)

is tabulated extensively for molecular species of interest in Reference 21.
The first approximation to the multicomponent viscosity coefficient, re-
quired in Equations (49) and (51), is given by Reference 83:

H H H X -11 12 ...... Is 1 H1 12 H s
H H...X

12 922 ...... 2s 2 H H H
U =H.12 22 .s.)2s

H H H Xis 2s ss s H 1 H .  H1 oX 0 ls H2s . .. ss

1 2s

where the diagonal elements are

X. 2  2X.X T (M w) *

H.. = +K L +pij] I +K] I K . : 59)

{ the off-diagonal elements are,
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IT . A"t l - A , I a; (60)). + (M )] 5 j_A a .1

the collision integral ratio is

•( 2,2 ).': 2( 1,1 )*
SA .:-'- -/ ,(61)

.1a'

tabulated in Tables I-N and VII-E (pages 1128 and 1176 respectively) of

Reference 83 for the Lennard-Jones and Buckingham potentials; and the

(molar) universal gas constant is

7
R = kN = 8.313404 x 10 ergs/6K/mole,

3. Energy Transfer - The Thermal Conductivity Coefficients

Reference 83, page 1196, recommends use of the formula

K = [KM] + K + Ke (62)Sm x 1 int .react

with which to estimate thermal conductivity due to a multicomponent mix-

ture of polyatomic, polar and nonpolar molecules in chemical nonequili-
brium, and under flow conditions where local thermodynamic equilibrium
(l.t.e.) holds; i.e., where collisional and radiative processes do not appre-

ciably alter the distribution of molecular , elocities from the Maxwell-

Boltzmann distribution at the local bath temperature.

The first term on the right hand side of Equation (62) is the first approxi-

mation to the coefficient of thermal conductivity, not including the effects of

internal energy transfer between excited states occupied by interacting

molecules, nor the energy transfer effects of chemical kinetics, but account-

ing for the transformation of internal energy into translational motion; i.e.,

for a multicomponent gas,

1 1 ...... L I 11 ...... Is

L ...... LX L

where, in the nomenclature of Reference 66, the diagonal elements are,
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4X 2

L1 a___ 16'r' X X 5(MW~)2/2  + 25(MW) 2 /4- (W2B
[K] 2 5 p k$a a k 11 a k k ak

+ 4(MW) (MW)k A k]/ý W) + (MW)k] 2L(64)

the off-diagonal elements are,

11 16T X. (MW) (MW).-__ e' '] [,j]3B.J"4Aa, ; (65)L aj 25p 2W~ 3B42a

01 2~[MW) + (MW)i 2 0 14 j C ](5
1(~ ~ a1yj

and the first approximation thermal conductivity coefficient for a single
component gas, including the effect of internal energy exchange with the
translational modes, is

[K] 15 -f 6 ) - (15- 10 " J j I)cp /(MW)"

/ 7r 15.(66)
-2 (c2 ) z /(MW)k*

2k vk

The first term on the right hand side of Equation (66) represents the
first approximation to the thermal conductivity for polyatomic gases where
it was assumed that the internal energy of a molecule does not depend on
tne molecular velocity, and that the exchange of internal and translational
energy occurs sufficiently rapid so that 1.t.e. holds at each point of the flow.
The second term represents the correction, for nonpolar gases, by Mason
and Monchick (Reference (86)

where

(cCv)k is the specific heat of the kth internal mode and

- k is the number of collisions required to exchange a quantum
of energy of this mode with the translational degrees of
freedom.

Experimental data for a number of common gases were examined in
Reference 86 where it is concluded that better agreement between experi-
ment and theory occurs at temperatures less than about 400K when Equa-
tion (66) is used to correlate data. However, at high temperatures two
compensating effects take place in that the translational conductivity is
less than the value predicted by the first term on the right hand side of
Equation (66) while the reciprocal Schmidt number.
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P 9/4(67)
,I

is g reat.te L thntm umitv; i.e., greater than the I'ucken correction, Reference 83,
which was tLse(d prior to the theoretical prediction by Mason and Monchick.
Further, Since only a few of the large nuMnbr of relaxation times needed to
evaluate Z, are, known, a reciprocal Schmidt number value of . 1.32 is
used ill the present workl in order to use the data computed for the first term
of Equation (32) tabulated in Reference 97. The actual form of Equation 66
used for monatomic gases check out is Equation 8.2-31 of Reference 83,
see Table VII. The Eucken correction was used for polyatornic gases,
Table VIII. Equation 63-66 were used to check out the binary gas mixtures
shown on Figure 26 and Table IX. An option to compute the exact value of
[~j]l is included in the program for those cases where the relaxation times
have been measured (diatomic gases) and to be consistent with the relaxa-
tion phenomena calculation included within the framework of the Vibration-
Dissociation Coupling Model (the CAL subroutine) above.

T~hermal Conductivity

'1heri-ml Conductivity of Monatomic Gases: Comparison of Experimental Values
with those Calculated Using Equation (8.2-3l)*

X 10 in cal cm- sec deg

Helium Neon acuArgon Kr ston Xenun
OK. calc e- Experi- Calc- Experi- Kpr- Calu- Experi- a1u cu.* Experi-

latecI mental- lated ment at lated inental lated mental lated mental

90.2 1726 1655 496 489 140 141 68 40
194.7 2839 2706 870 876 297' 293 149 152 85 91
273.2 3534 3390 1097 1097 398 385 206 190 120 123

3406 1110 390 208 124
3438 394
351n

373.2 4329 4165 1340 1357 509 506 271 272 161 168
-t91.2 5173 4947 1589 1595 622 614 339 340 204 208
579.1 15752___[ 5504 1770 1789 699 685 384 J388 233 237

I*Cheek I P573 Referaence 83
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l'h1,r'nal Co•nductivity - "Ii

Thrlttal (tonduItctivity fI P'(iyattotf ic (ahstss: Comparison of Exlperunentad

\;'juei with tht(,,,. Cilculated Using Formula (8.2-33)*'

X 17 il l Cý t,{ (i*c thg

il' I lyd,, cogenI Oxygen a( irbon Dioxide M e.hante Nit rous C )x di:

OK Calbe- Experi- Calcu- Experi- Calco- E Calcu- Expert- Cii -- "lxpi-

lated ni 'ntal lated mental lated mental lated mental lit.ed iterti :ti[

100 1589 1625 224 216 254 254

150 327 321

200 2994 3064 435 438 183 227 508 522 456 425

S73 3871 3965 568 584 267 349 696 734 578 567

4040 577 360 720

300 4099 4227 614 63 5 300 398 764 819 G1' 1I1

'Check 2 P574 Reference 83.

TABLE IX

Thermal Conductivity

Comparison of Calculated and Experimental Values for Binary Gas Mixture Using Equation
(8.2-42) and Mix Formula on Page 1196!

X 10' in cal cm -ec'

Htelium - Argon Hydrogen - Carbon Dioxide. Hydi ogen - Argon

[Percent of Percen-tof J Percent of
Light er Lighter l~ighter

Constituent Experimental Calculated Constituent Experimental Calculated Constituent Experimental Calculated

0O.0 3.89 3.98 0.0 3.60 3.91 0.0 3.90 3,!J9

27.04 7.42 7.43 10.0 5.10 5.10 9.0 5.50 5.58

45.37 10.77 10.81 14.2 5.70 5.67 18.0 7,30 7.37

8'.68 23.20 24.43 25.0 7.70 7.33 40.0 12.60 12.88

94.61 29.39 30.84 35.5 10.00 9.30 60.0 18.70 20.00

100.00 33.86 35.24 50.0 13.50 12.85 80.2 27.00 30.87

75.0 22.70 23.10 100.0 40.00 48.99
90.0 31.50 34.97

100.0 40,40 48.49

S'Chcck 3 P576-578 Reference 83.
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The second term on the right hand of Equation (62) is, according to Ref-
erence 83, page 1196 and Reference 87,

ki xj ( Ij p./(MW).- 
(68)K , (68)

iKnt =1 s 
--

E Exk ~jj] /[Sjk] I:--~~~k=l1X J I

where

c is the specific heat at constant pressure of the jth gas component
Pj (species) and

is the coefficient of self diffusion of the jth species, derivable
jj from Equation (54).

According to Butler and Brokaw , Reference 90, who have shown that for

a set of s chemLcal species [M] participating in r chemical reactions which
can be written stoicniometrically

s

S1.[Mj 0 o; i 1,2... r (69)
j= 1

it follows that the third term of Equation (62) is

A All. .... A 1raH 1  All ...... A r

-1 , *

K ract(1RT 2) (70)
A A1.........ArlA .rr r ri rr

IAH1.......r0

where

AH. V.. H. (71)
j= 1

is the enthalpy change of the ith reaction and the Hj are the species
enthalpies referred to a common base. The determinant elements are

71



s-1 S

Ail _ - {(E'i!(RT/W:ýl))X 1  Vik/×l<)'lif/X,]
I=1 I _ 1_+ (72)

If the chemical reactions are slow, the thermal conductivity, Equation (70)
depends on the boundary conditions, see Reference 83 (page 1197), Refer-
ences 91 and 92.

D. RADIATIVE ENERGY TRANSFER

The scope of present work includes investigation of gas dynamically
coupled radiative energy transfer, with particular emphasis on applications
in supersonic combustion. Such coupled interactions are included within
the framework of the reaction profile model, the sources being due to
chemiluminescence and inelastic collisional encounters among the reactants.

Beginning with the simplest approximation, that of the optically thin gas,
the energy conservation term expressing the divergence of radiative flux
in Equation (49) is (see References 98 and 99)

8 qjR

4 k aT (73)8x'-- p
.1

where

aT

is the Planck mean absorption coefficient,

B (T) 2hv 3C (75)V he.v/kTe -1

is the Planck function which, integrated over all frequencies gives

B(T) dv aT 4  
. (76)
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T'hu Stefan- Boltz man constant is

27r k 5 2 4a 3= 2 - 5.6697 x 10 erg/cm °K s; (77)
15h c

the absorption coefficient is

t = prlv (78)

V
ml= p-i(l hvr)

and the spectral intensity is

I k kB (79)
V V V

To evaluate the Planck mean-absorption coefficient, combine Equations
(74) - (78) to obtain

k = I"-4 5 o 3 e- d /K(ý) (80)
p 0

where

= hv/kT (81)

and

(pn)-1  (82)

is the radiative mean-free-path.

Two alternate methods of determining absorption coefficients (e.g., re-
ciprocal Equation (82)) or spectral intensities (Equation (79)) are available

to evaluate the required integral, Equation (88). The first method requires
a direct experimental measurement of i/ý. over the wavelength range of
interest, at the equilibrium temperature. Such measurements are not

available for the special case of interest; i.e., the combustion of pyrophoric
fuels. The second method depends on quantum mechanics. In this case.
measurements of oscillator strengths, transition frequencies and spectral
constants are still, for the most part, required. Further, as is pointed out
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lby Tlerzberg, R~eference 100, a knowledge of the excited states of intermeI-

diate species is of great importance in the determination of chemilurnines-

cence and in understanding the occurrence of elementary processes: i.e.,

thle elementary chemical kinetic steps in the reaction mechanism. These

lproblemns may be approached as follows.

l. ILocal T1herniodyanic Equilibrium

Chandrasekhar's hypothesis of local ther modynamic equilibrium, Rief-

erence 101, is an imiportant concept applied in the calculation of gas dynam-

ically coupled spectral intensities and radiative energy transfer. Accord-

ing to this hypothesis, at each point (p, T) of the flow field, one defines a

gas at temperature T and specie density p such that p is the population of

excited energy states of that gas in true therm-odynam-ic equilibrium at

ternp erature T. That is, the state populations are locally defined by a

Boltzmann distribution. exp (-l'/kT). The condition of local thermody-

nalic: equilibrium does not require that the radiation field be in equl libHiUMn

with the flow field nor is chemical equilibriumn a requir-ement for the rmody-

nanic equilibriumn on I local basis.

A sub~routine cod(e for, c alcuilation of theo spectral intens~iities of specitE s

in nonequjLili~br'ium high tempo rature gas is required. The reaction energies

and populations Of Con1tinuum states obtained from the CAI, subroutine

must he taken into account. rhe following section gives a review of the

basic formu11.lation and recently accepted approxim ations for calculation of'

spectral intensities of diatornic species in either equilibrium or chem W al

noncqUilibriuiu in the optically thin limit.

2. Review of Basic Formulismi

The radiation process in a mnodel sample of high temperatuire gas miay

be regarded as tin' emnission of photons of spectral frequencivs v - -X

cauised by clect ronic (orbital) transitions of a mo~lecule front an tititii:l state

of cel rgry 1-:1 to -- Fi nal state of* energy Emn: where Ell > Eml is 0ii' c(Iridition

that radiation of fre-quency (E En)/h vnmn he emitted. The r~ate of
emission ol' ihiot.oits of energy hvnn,i from a single source in the samlf-l( is

called the raudiationi intensity 11 (watts/molecuile). Classically. the f- n

sit~y of the 1a;Idiit ion field is deterinii ed by Foujrier analyzing the spw(ctrtjm

clue to a dipole sourice. For, ; sinigle (orbhital) electron, the timie avor-aged

intensity corresponding to the Ith Fourier component of frequenry tv

(accounting for two polarizations oif the rield) is

if (-ff~ /c,(83)
3 in,
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JI

where p1 is the Fourier coefficient of the dipole moment. Now, of all mole-

cules in the sample which occupy the initial state, let Anm be the fraction
which participates in the transition from state n to state m per second.
Then, on a statistical basis

nm nm (84)

Comparing Equations (83) and (84) obtains the Einstein coefficient; i.e., the
transition probability

A - (• j<m pkn> 2(85)

where Fourier terms of Equation (83) have been formally replaced by the
matrix elements of the dipole moment; e.g.,

<m IPkln> = 4i(m) PR 44(n) dr (86)

The state eigenfunctions 4j are obtained by solving the time-independent
Schroedinger equation, given the appropriate potential function. One must

sum Equation (85) over all states m which have energy Em< En to obtain
the total probability per unit of time that state n will undergo spontaneous
depopulation through emission of light photons. The fact that spontaneous
transitions incur isotropic radiation, while induced emission (such as in

Raman spectra) is aligned with the incident field, leads to the Einstein
probability Bn~m that the system will undergo a induced emission from n
to m under the influence of an external field. On the other hand, induced
absorption m-~n is also likely; thus, accounting for possible degeneracies
gk in the electronic states of a molecule, the Einstein coefficient for in-
duced absorption is,References 102 and 103.

1 c 3 g g
B (-n g n B (87)mn Blhc'ý nm

Since the intensities of molecular electronic transitions from an upper
state n to a lower state m are determined by the transition probability
Anm in emission or Bnm in absorption, one can theoretically find the
emission intensity from Equations (84), (85) and (86) after multiplying (84)
by the number density Nm of molecules populating the lower electronic

state. However, the absolute intensity of electronic transitions is usually

S-7
S~75



determined experimentally from the absorption spectrum because of the
general difficulty of finding N,,. The development chosen here is the ab-
sorption spectrum approach to facilitate inclusion into the program of
new measurements of physical data that appear in the literature.

Now, the spectral intensity due to an optically thin slab of gas is given
approximately by Kirchof f' s law; viz,

X= B Xk X(88)

where k is the absorption coefficient, and

B 8 hx [exp(hc/kTX) 1] 1(9

is the Planck energy density rate per steradian. In that hc/kT is large,
Wien' s approximation is good. Therefore, Equations (88) and (89) com-
bine to give

2
2hc k

IX ~ (-hc/kTX). (90)
5=_--X

Given the absorption coeffieient kX relating the energy density 10 (incident
per unit time on a "one- dimensional" sample of gas) to the transmitted
energy, fe

-k Ax
=IX10e (91)

one integrates over the pertinent bandwidth interval to obtain the absorp-
tion intensity, Reference 104,

I (Io - I,)d(l/X)

I x ~k d v/c ION Bn hv AX(92)

Therefore, the integrated absorption coefficient is

$X N = BkkN lv E N r0cf, (93)
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where Nm is the number density of molecules populating the lower elec-
tronic state, ro is the classical electron "radius", e 2 /mc 2 , and the "f-
number" is defined by Equations (85), (87), and (93). In terms of the matrix
elements of the dipole moment

f = -f2nm 1<mIpkIn> 2 (94)

3hc

Equation (60) is the "electronic oscillator strength" f, a dimensionless
quantity that can be found experimentally and is most important to the cal-
culation of both transition probabilities and spectral intensities.*

Differentiating Equation (59) yields the absorption coefficient

k N Irr df (95)
m o dv

Penner, Reference 106, approximates the derivative in the following man-
ner. Assuming all transitions from lower energy levels are to the lowest
upper energy level, the derivative is equal. to the total oscillator strength
times the rate of change of the fraction of molecules that are in an excited
energy state

E E -hc/X hc - )

Thus,

df = d [he i1
div d'D ex kT~x ) ;v X

i.e.,

df he hc(1 1"!lc= - f exp -(-6
dv kT 'IkT' X I(6L 00 J

*Bethe and Salpeter, Reference 105, shows that for hydrogen-like atoms of
nuclear charge Z << 137, the dipole approximation holds and E m f 1.
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The present formulation uses an approach, originally applied to NO absorp-
tion spectra, Rieference 107 which is in essential agreement with Penner.
That is, .mploying the rotating oscillator model for diatomic molecules,
the rate of change of the excited population varies directly with the Franck-
Condon electronic transition probability for a single vibrational mode with
average rotational overtones. Thus, introducing rotational and vibrational
partition functions Qr", Qv" in the lower (double primed) state, Keck, et al.,
Reference 108, show

-(Er, + Ev,)/kT

d( r" I v lie elf exp [-LC (97)-:,

Substituting Equation (97) into (95) yields the absorption coefficient for a
particular vibrational transition and averaged rotational structure. Thus,

hc(V - v)/kT
Sr f Nm e -(E r, + E , )/kT (

r= m~ B"I qv've (8kX Q" QvBl -B'" Ve(8
re el

A summation of Equation (98) over all vibrational transitions which can
occur at the wavelength X will give the absorption coefficient at X for the
electronic transition involved:

-hc(v - •/T

7r r 0 f N e oo 0vqIIe -(Er, + Ev,)/kT
k Q it Q . Je -v B" 1e99

r

A close inspection of the exponential term Er, will reveal the simple ex-
pression for the manner in which the summation is to be executedt. Con-
sider a vibration band whose rotational structure degrades to the red, i.e.,
greater K. The summation, in this case, should be over all vibrational
bands for which the band head Kv'v', is equal to or smaller than the wave-
length in question (Xv'v" S K). Reversing the case for vibration bands
which degrade to the violet, the summation applies to all band heads equal
to or greater than the wavelength in question (kv VII XK). Further, it may

*Most symbols not defined are the accepted notation; e.g., v and r for
vibrational and rotational quantum numbers.

tThe summation accounts for bLanching of the spectra, see Reference 109.
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be noted from the spectrographic constants involved, that the quantity
(Be - B") will be positive for all bands degrading to the violet, and nega-
tive for those degrading to the red. Substituting these facts into the expres-
sion for Er' it is easily verified that the summation for both types of de-
grading is that over all transitions for which Er' 0 0, i.e.,

hc B'
E, e B B"(V - v (100)

r B-'- B_-_ vv_ v -
e e

Finally, Equation (99) may be substituted into Equation (90) obtaining the

spectral intensity

hcv

= 27rr he 2 Nm f e kT -(E + E )/kT

, Q Q ,,Be' - B" X5  qv, e (101)
r-ivie-, Er,•-0

irii

A factor is incorporated in the derivation of Reference 108, which may be
extracted from the above expression. In terms of 0, Equation (101) is written
in the compact form,

2 -5 hc

IX =2r r hc2 X-" N f exp(-hcv /'T) (102)
m kT 00

where

_[ E + _Et E
*.=.kT 1 " e kT (103)*

- -Q B1 B" v
r v e e Er, o0

Rotational and vibrational partition functions for the lower state population
are

r kT (104)--. •" Qr" hc• I04
= -7 e

to a good approximation, and

l The notation Er' z 0 under the summation sign in the expression forO
implies that all terms will be added into the sum except those for which
Er' < 0
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Q-v If =[ - exp kT (105)

exactly.

The (Fortrat) averaged rotational energy level of the emitting state is

hc B e 
(106)~I] .,= B' - B" 1x" v'v'" (10o6)

IIr B Be e

where

_ _-- -- V , ,,=V +(Ev, - Ev,,) " 11 7VV 00 v v he (107)

the vibrational energy of the emitting state is

E v hc (V1 - Vo ). (108)

Assuming the rotating oscillator model for diatomic molecules,

we' (v + 1/2) - we' xe (vW + 1/2)2 + 'a y' (v' + 1/2)3 (109)

therefore,

we eX1 WO Y1

e -e e e eVOl 2 4 8 (110)

Likewise, for the absorbing or lower state,

E,,- he (v"~ " "o). (Ill)
v v 0

1 ,, = 1/ (v" + 12) - u" x" (v" + 1/2)2 + W" I" (v" + 1/2)3 (112)
- v e e e e Ye

and

We e.e e _ e
V oilT -- + 8(113)o"2 4

Including the Free-Bound Radiation. e.g., References 110 and 111

8o
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fc
I) 2hc 2 X_5 N a e[ki'] (114)

where a is the photodetachment cross-section, cm2

Note that spectral inten-sities calculated with this subroutine can be used
to predict the optically thin limit radiation signature of shock layers and
trails that are predominantly composed of N2 , 02, and NO in chemical
equilibrium (or in chemical nonequilibrium. when the populations of excited
states are known).
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APPE'NDIX A

OPTICAL Ai3SOI RI3Mi,'ERY OF THE B 2 11 6 /0 2 SYSTEM

Specific radiation absorbimetry measurements are to be made, with mi-
crosecond resolution, to monitor the appearance and disappearance of the
hydroxyl kOI1) radical, postulated as a chain carrier intermediate in the
high temperature oxidation of diborane (B H6).

2 6
The reactor to be used is a one-inch diameter chemical shock tube with

helium gas driving shock waves in argon, generating temperatures from
500 to 1000°K in the region behind the reflected shock wave. The source
of Oil radiation to be used is a flash lamp containing water vapor. The
source radiation absorption will be measured in the homogeneous gas sam-
ple behind the reflected shock wave in argon at initial pressure near 76 mm
Hg and containing the reactants, B 2 H 6 and 02., in amounts of the order of 1
percent by volume.

These measurements will give the change in the concentration of OH with
time. From this it may be possible to deduce the effective, activation ener-
gy and corresponding reaction rate (s) leading to a better understanding of
the high temperature reaction kinetics of B H oxidation. It may also be

fl possible to verify the postulated chain mechanism following ignition induc-
tion.

Measurement of the OHi concentration is to be made by ultraviolet light
absorption, using a flash lamp as the source of characteristic OH radiation.
The OH radical was selected for this study because of its known relative.
high stability and very high optical absorption coefficient (about 2.3 x 1"06
cm 2 /mole). The integrated absorption coefficient for OH, over a selected
number of rotational lines, will be measured by comparing the observed
absorption with the computed OH concentration at equilibrium.

Using an analytical technique developed at Cornell University - beginning
with Bauer, Schott and Duff (1958), the concentration of a specific chemical

species as a function of time at high temperatures may be obtained for
species with fine line absorption spectra, such as the OH radical. This can
be done by using as a source an intense fine line emission spectrum gener-
ated by exiting the species which one wishes to observe in the sample.
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In this case the source of 0)l radiation is a pulsed discharge through a
short capillary containing water vapor at a pressure of about 10 mm Hig
(Figure 27). The lamp is viewed through the ring-shaped anode. The elec-
trical circuit for this flash lamp consists of a 3.7 microfad capacitor
charged to 10 kilovolts in series with a 1.5 kilohm resistor and an 8 milli-
henry choke (Figure 28). This cirsuit produces a light pulse which rises
in about 300 microseconds anJ is nearly constant for the following 1 milli-
second, during which absorption ineasurements are made. The entire ex-
perimental setup is shown schematically on Figure 29.

Characteristic Radiation
Source

HV

(Ref: Wing Tsang, PhD
Thesis, Cotvnell U.)

8-10 mm Long8-10 mm LongTemperature

Control for Liquid
Power: 8-15 kV; 2 MF Selected (RL) Filler

for 2 •sec Duration

Fill with: H2 0 Liquid.-- OH

C 6 H 6 20 mm C2
Ar 10 mm)
C4H1 0 10 mrn}ON
N2  10 mm)
CS 2  20 mm CS
Ar 10 mm)

Figure 27. Characteristic Radiation Source Lamp
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APPENDIX B

A SHOCK WAVE ANALYSIS

One-dimensional conservation equations were used for computation of
flow variables in the chemical equilibrium region downstream of shock
waves traversing a multicomponent gas mixture.

A. ONE-DIMENSIONAL CONSERVATION EQUATIONS

These equations are:

Pu p2 u2 (1

= for miss conservation,

p1 + p 1 u1 
2= + p 2 u 2  (2)

for momentum conservation, and

h +-u =h +-u1 21 2 2 2'

for energy conservation. The terms p, u, p, and h are the gas density,
velocity, pressure and specific enthalpy designated upstream (subscript 1)
and downstream (subscript 2) of the shock wave. Since the specific enthalpyIh =e +p/p (4)
introduces a fifth variable, namely the internal energy, e, per unit mass
of gas component, essentially a function of temperature, the system of
equations to be solved requires equation (4) in order to calculate enthalpy
and an equation of state,

p = pRT = NkT, (5)
to calculate temperature. N is the total number density of v-component

V V
species, N Z N and the density p = P2 m N2.

Rearranging equation (3) and introducing equation (1)

1 2 1 2

2 h1  +--u1= h2 +•--up 2 , (3)

•i orenrgycosevaton Te trm p upan h reth ga dnst7



then

u 1 [ ( 1 /p 2 )21] = (h 2 h- I-

hence
u 1 - (p/p 2  1 2(h - h) . (6)

Rearranging equation (2), introducing equation (1)
2 o2 2

p1ul = (P 2 - Pl) + P2(p/p 2 U

thus

2 2
u - (p p )/p0 + (p/p) u

1 2 11 12 1

then

u 1 [ P1/P 2  = (P 2 - p 1 )/P0 (7)

Dividing equation (6) by equation (7)

1 + p1/p 2 = 2p 1 (h 2 - h 1 )/(p 2 - Pl)

then
(h 2 - h )

1 + p 1/p 2 = 2(p 1/p 1 ) (p 2 /pl - 1) (8)

Introducing the equation of state and its ratio from region 1 to region 2

across the incident shock wave one obtains from equation (5) and equation

(8)
2(h 2 -h l)/RIT1I : + P01/012 R RT2 (9)

12 RT 1
(P2/P.1)R T -1

2(h h)

R 2 T 2 (P 2 /p 1 ) - R 1 T 1

From equation (5) the gas constant is defined (for equilibrium temperature

T) as V

s/ E m N - k;•iZI N. (10)
11 1 i =
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i.e.,
1) V

R =N k 2 N./ MN.M =N k/ X.M.
0 1. 1 Q1oj=1 i- = i i=l

then

0 k/M = 8.3143 x 10 7/M ergs/OK/gm (11)0

where the molecular weight

T, ZX. M. (12)

is obtained by averaging the v-component molecular weights over their
mole fraction X. = N /N. (13)

Equation (9) becomes

2(h 2 " hl) 12

1 + P / (14)
122

N 0 k T /p 1 T1 19

thus, solving for 02/01

T M
Nk(T/M 2 ) - 2 (1 + pl/p = 2(h - hI) (15)
oT2/2) /1T 2 M 1

where the enthalpy may be obtained from JANAF tabulations according to

h h2 - h 1 (H2/Mf 2 - HI/MII) JE7 (16)

and at T = 298°K, H 1(298) a 0. Therefore, equations (15 and (16) become

N okT 2 [2 i 1  ± /P] (1+ P1/P2 ) 2H 2JE?. (17)SNk 2 2/ 1 T T 2 M I

Let NokT 2 u a; then, expanding (17):
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1M
+ + /p NokTi (2/1) -N kT ('I = 211 JE7

12

-a(p2 /P) 2 + a - 2H 2JE7 - NkT 2 p2/p 1 - NokT1

therefore,

= - - 2H 2JE7 - NokT l(MlI/2a

2 12

+ a 2 2H JE7 -N kT + 4NokT1 ( /2a

(18)

where
O= a- 2H JE7 -N 0kT (1 ) (19)

and

SkT1)1 (20)
-1

Note:
J z 4.1840 joules/calorie, N k 8.3143E7 ergs/*K/mole, (21)

and v2

H2 a E X'(2).h (2) + Ho(2) calories/mole (22)
(2)2im1

where the hi(2) are enthalpies for the individual v2 stable components in

the equilibrium region downstream of the incident shock wave and Ho( 2 )

represents the bond energy or heat of dissociation of the system. From

equations (6) and (16), the incident shock velocity, is obtained, namely,

u1  2HJE7/NR[21 - ( (23)

M(P 2 /P 1 ) 2
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B. COMPUTATION PROCEDURE

The following procedures will be used:

I Initial conditions are specified as p1 and TI= TRM (usually 2980);
vI components at T 1 are given, along with their mole fractions (or
"partial pressures). v2 components are specified according to
stoichiometery.

2 T 2 is the equilibrium temperature required, with v2 equilibrium
concentrations at T2 determined from a free-energy minimization
subroutine, following that of Reference 112 and 113.

a In the computation scheme, obtain the molecular weights:
V v2

M = . (1) and M2 = X M
i=l ti=1

where the v2 mole fractions, X, are determined through

iteration required to satisfy the free energy minimization
(equilibrium constants) and mass balance constraints. The con-

centrations may then be computed according to
c • (2) * p2 M 2)E3, moles/liter . (24)

b Obtain H2 from equation (22), with

(2)
L 298

taken from JANAF thermochemical tables or computed using the
method of References 112 and 113 available as an optional alternate
subroutine to Martin Marietta program shock (F* 018).

c The gas dynamical quantity P2 is obtained from equations (18),
(19) and (20) and pl is determined from the initial conditions
specified. A second iteration loop is required between the main
program (Shock) and the equilibrium subroutine so that P2 is
simultaneously satisfied by equations (18) and the v 2 equilibrium
concentrations, i.e., the final pressure P2 obtained at the specified
equilibrium temperature T2 must satisfy the gas dynamical rela-
tion from equation (7): u2

p 1/p 1 + -1 /pI (25)
S ' 'I/P' I P2, P i

91



to be calculated after finding p2 /p1 and if~ from equations (18) and (23)

C. OTHER CALCULATIONS REQUIRED

Consider the shock tube just before and after diaphragm burst.

Before

After

E C - I

The initially set pressures are p2 for the gas mixture in region (1) and
P4 in the high pressure helium driver gas region (4). After diaphragm
burst, the incident shock wave I is driven to the reflection end plate by
contact surface C, while an expansion wave E moves in the opposite
direction. Gas particles flow from (1) to (2) so that the excess gas velo-
city in region (3) is, according to Ref

ir2a

u u1 U2 a r! -1126
u3  u= - Y4 .- -(p3/p4) 2y J 26

z U 10- ( I(27)

where equation (1) was used in the last step.

Since the pressures are equal across the contact surface, P2 = P31
equations (26) and (27) may be rearranged to give the diaphragm burst
pressure ratio. 2Y4

.t p 21 ow 1 P( 1 / 2) ] t 4 -1  (28)

where equation (25) may be written

P2 1  I +1 0 (1 2 (29)
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The para.ieters

C Z X.(1) (1)(T
c )i c v1 . (30

( 1 (c ( 1 )R (

1=1i ti p. oR

and

M1 =ul~i•i~ol/•I(31)

are the ratio of specific heats and the Mach number respectively. Equa-
tion (29) may be used alternately for frozen flow calculations (no chemical
reactions) using the formulas given for P2/pl, for fixed y and M, Refer-
ence 114. The frozen flow temperature, T 2 , will be greater than the corre-
sponding value of the equilibrium temperature at the same value of the
incident shock velocity.

Program Shock, which in part was obtained through Cornell University,
computes equations (18), (23), (25) and (28) simultaneously to determine
the diaphragm burst pressure ratio as a function of u1 or M 1 . For ideal
(frozen flow) diaphragm barst, the equation used (Reference ) is

S Y4~- •'1 yT 1M 4

P 4 1 =P 2 1 / 1 - + 1 14 T 4 M" (M 1 " (32)

The equilibrium calculations for flow across the reflected shock wave
follow an iterative procedure similar to the one outlined above. The value
of (T5)EQ is obtained through a secord double iteration in program Shock
which requires a stoichiometric mass balance and free energy minimiza-
tion constraint. However, the pure helium/argon gas couple used in the
shock tube design requires no consideration of chemistry so that the ideal
shock relations were used for that purpose.
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APPENDIX C

LIST OF SYMBOLS

A.. denotes vibrational coupling of jth species to ith reaction13

B (T) }
BT jPlanek functions

B (T)

C, velocity of light, cm/s

specific heat at constant pressure of jth species, c= c' /RI*
pj (nondimensional) pi j. o

th
c specific heat at constant volume of j species
Cvi

Dij multicomponent diffusion coefficient

Oij binary diffusion coefficient

"�" self diffusion coefficient

e electronic charge

F rotational energy of the emitting state relative to the ground
r (lowest upper) state of the electronic band, ergs

E vibrational energy of the emitting state relative to the ground
V state of the electronic band, ergs

E I, vibrational energy of the lower state, ergsv

f electronic oscillator strength, or f-number, dimensionless

h, Ti Planck's constant, TI = h/21T, erg sec

h. enthalpy of jth species including heat of formation; (dimension-
less) hj = h 00/R 0T

intensity in watts /cm ' /steradian/micron

jj species diffusion flux = p.U.

k Boltzmann's constant

kp Planck meart absorption coefficient

I. reference length

*Primes denote dimensional quantities.
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M.- [M] denotes jth species

(MW) molecular weight of gas mixture defined by Equation (4)

(MW). molecular weight of jth species

m. number of electronic levels included for jth species

m = pU mass flow rate

m electron mass

N. number of vibrational energy levels of jth species

N Avogadro's number = 6.023 x 1023 per AMU
N number of molecules (per cm 3 ) populating the lower electronic

m state

n. number of atoms per species

p pressure; p = p /P 2 (nondimensional)

Q ,(T) rotational partition function of the lower state
r

Qv,,(T) vibrational partition function of the lower state

Q.i mole-volumetric rate of production of M. from reaction i3

qvIv" Franck-Condon factor for the transition from vt to v" (square
of the overlap integral), dimensionless

R' universal gas constant (R' = 1.98647 cal/mole *K in CAL sub-
0 routine) 0

T equilibrium gas temperature, "K

Tm. parameter of jth species having units of temperature

U velocity; U = U'/U°I (nondimensional)

V. vibrational coupling factor of jth species3:

X. mole fraction of jth species

y coordinate normal to shock; y = yl/L (nondimensional)

z number of collisions per mode

r. concentration of jth species, moles/unit mass including effect
of diffusion flux, Equation (8)

concentration of jth species in moles per unit mass (see Equa-
tion (6))

y ratio of specific heats for jth gas

vibrational energy of jth species; ej e '/R T' (nondimensional)
9 00
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defined by Equation (47)

characteristic vibrational temperature of tspecies

K coefficient of thermal conductivity

A nondimensionalizing term, see Reference 4 (the CAL subroutine)
A = (Uo) 2 MWo/R'T'

0 
0 00

vibrational relaxation distance of jth species

X wavelength

coefficient of viscosity

v wavenumber of the vth vibrational level, cm" 1

Vv'v" wavenumber for the vibrational transition between the states v'
and v", cm"

" v wavenumber of the (0,0) vibrational transition, cm-1

V.. stoichiometric coefficients of jth species in ith reaction

reciprocal Schmidt number

p density; p = p'/Po (nondimensional)

Sca photodetachment cross-section, cm 2 ; collisional diameter

X degree of nonequilibrium of ith reaction

Sw. vibrational frequency of jth molecule

Be 1
__ i€e Spectral constants. 'lthe ' refers to the excited electronic or

Se X e emitting state and the "refers to the lower electronic or ab-
"ej sorbing state.i •Oeyo

Subscripts

0. refers to vibrational equilibrium

o free stream conditions ahead of shock wave

I pertaining to ith reaction

Sj pertaining to jth species

.n pertaining to nth electronic level

v pertaining to vth vibrational level

r pertaining to r th rotational level
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